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Abstract
The electrical properties of lateral tunnelling devices have been inves­
tigated, in zero and quantising magnetic fields. The devices were fab­
ricated on modulation doped GaAs/AlGaAs heterostructures, with the 
tunnelling barriers situated in the plane of the two-dimensional electron 
system (2DES). Measurements were performed on two types of device, 
in which the potential barriers were induced either by shallow etching 
a nanometre-scale trench into the surface of the heterostructure, or by 
the influence of a reverse-biassed Schottky gate.
A range of characteristation data  are presented for the single barrier 
etched diodes, which is a new structure with the potential for ultra-high 
frequency (THz) applications. The devices were successfully modelled 
using a numerical solution to the Poisson equation, and good agreement 
was obtained between experimental and theoretical current-voltage char­
acteristics.
Experiments on single barrier gated diodes indicated tha t the device 
properties are strongly influenced by disorder. Additional measurements 
demonstrated a novel hot electron effect in the conducting regime, which 
is a 2D analogy of the Gunn effect. Double barrier gated diodes were 
also studied and displayed both negative transconductance and negative 
differential resistance. The results are discussed within the accepted pic­
ture of resonant tunnelling.
In a strong magnetic field, applied perpendicular to the 2DES, both 
types of single barrier device displayed a detailed spectrum of sharp res­
onances in the conductivity as a function of the bias voltage. The data 
are explained in terms of tunnelling between magnetic edge states on 
each side of the barrier. Calculated fan diagrams of the expected res­
onance positions, derived from a numerical solution to the Schrodinger 
equation, produced qualitative agreement with the experimental data. 
The results add strong support to the edge state picture of a 2DES in a 
perpendicular magnetic field.
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Research into low-dimensional-electron-systems (LDES), where the elec­
tron motion is confined in one or more physical directions, has seen a 
dramatic increase in the last twenty years since Chang, Esaki and Tsu [1] 
demonstrated resonant tunnelling through quasi-two-dimensional (2D) 
bound states in a GaAs/AlGaAs quantum well structure. The motiva­
tion for this research effort has been twofold; from a commercial stand­
point, LDES promise a new generation of high performance, nanometre- 
scale electronic devices for the electronics and computer industries. From 
an academic standpoint they provide an unrivaled opportunity to study 
experimentally, many of the physical phenomena predicted by theorists 
since the early parts of this century.
Initial success in reducing the dimensionality of electronic systems 
was achieved through the development of atomically precise, epitaxial 
crystal growth techniques such as molecular-beam-epitaxy (MBE) [2] 
and metal-organic-chemical-vapour-deposition (MOCVD) [3], which en­
able the growth of multiple layers of differing semiconductor materials 
within a vertical space of a few nanometres. Electrons confined to a sin­
gle layer, by the larger conduction band energy of neighbouring materials 
will exhibit 2D properties if the thickness of the layer is comparable to 
the extent of the electron wavefunction. The most common material 
system used in studying this type of structure is GaAs/AlxGai_xAs, 
where the size of the conduction band offset between the two materials 
is controlled via the A1 fraction x. Chang, Esaki and Tsu’s resonant 
tunnelling diode thus provided an elegant demonstration of the 2D na­
ture of a thin GaAs layer sandwiched between AlxGai_xAs barriers.
Semiconductor devices based on LDES can be categorised quite sim­
ply in terms of the direction of current flow in the active region of the
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structure. Devices such as the resonant tunnelling diode are generally 
classified as vertical structures, which implies tha t the electron motion 
occurs in a direction perpendicular to the sample layers. An equally 
large family of low dimensional structures, and one with which this 
work is concerned, are based on lateral transport, which as the name 
suggests rely on electron motion in the plane, parallel to the to the sam­
ple layers. Recently, a technique known as modulation doping, in which 
electrons are spatially separated from their parent donors, has enabled 
the fabrication of high mobility quasi-2D sheets of electrons, confined at 
the interface of a single GaAs/AlzGai-zAs heterojunction. Such two- 
dimensional electron systems (2DES), where the electron motion is free 
in the directions parallel to the crystal interface, have provided an ideal 
basis for the realisation of a wide range of lateral devices such as the 
high-electron-mobility-transistor (HEMT) [4] and for the study of nu­
merous important physical phenomena of which the quantum Hall effect 
[5] and more recently, quantised conduction in one-dimensional (ID) 
point contact devices [6] are two commonly cited examples.
This thesis presents an investigation of lateral tunnelling in a 2DES, 
which is a subject tha t has received relatively little attention in its own 
right from previous authors. In lateral tunnelling devices, current flow 
occurs through narrow (< lOOnm wide) electrostatic potential barriers 
separating adjacent regions of the 2DES which act as the emitter and 
the collector electrodes. The majority of reported devices to-date have 
used nanometre-scale, field-effect Schottky gates on the heterostructure 
surface to induce electrostatic barriers in the plane of the 2DES. To 
fabricate such structures requires the use of ultra-high resolution tech­
nologies such as electron beam or X-ray lithography.
Research interest in lateral tunnelling has been partly encouraged by 
the promise of high frequency device applications owing to the short 
length scales involved in tunnelling processes, and the minute capaci­
tance values (<10fF) [7] associated with devices based on adjacent edge-
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on 2D systems of electrons. Although the requirements of low tempera­
ture operation will restrict the use of such devices, advances in closed cy­
cle refrigeration technology mean tha t applications in highly specialised 
areas are becoming more realistic. Commonly proposed applications 
are in the sub-millimeter band of the electromagnetic spectrum (THz 
regime) which are important for example in astronomy and in remote 
sensing for environmental research and pollution monitoring.
From a purely academic point of view, lateral tunnelling represents a 
useful technique for studying the electrical properties of a 2DES. Elec­
tron tunnelling is a phenomenon which is intrinsically highly sensitive 
to the energy scales involved, and hence tunnelling devices have often 
been used in the role of electron spectrometers. For this reason, lateral 
tunnelling experiments can provide useful information about many as­
pects of 2D physics, which are not available using other techniques.
In the work described in the following chapters, an attem pt has been 
made to consider both the applications and the pure research aspects 
of lateral tunnelling devices. After introducing the relevant physics and 
technology associated with the field, results are presented for a new type 
of single barrier lateral tunnelling device in which the electrostatic po­
tential barrier is induced by etching a tiny trench into the surface of the 
heterostructure, in place of the more conventional Schottky gate. It is 
proposed tha t owing to the absence of parasitic capacitances between 
the gate and 2DES in such an etched structure, its high frequency per­
formance should be enhanced. Chapters 5 and 6 detail a range of char­
acterisation experiments and numerical modelling data on the devices, 
and future work to assess their high frequency performance is planned. 
The remainder of the thesis is concerned purely with the physics of lat­
eral tunnelling in a 2DES for which more conventional gated devices are 
used. Chapter 7 discusses the zero magnetic field behaviour of both sin­
gle and double barrier diodes, from which one of the major conclusions 
is tha t despite the impressive quality of crystal growth and lateral pat­
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terning techniques, the properties of lateral devices are still dominated 
by disorder. Chapter 8 concentrates on lateral tunnelling through single 
barrier diodes in a perpendicular magnetic field, where the tunnelling 
barriers are used to perform spectroscopy on a 2DES, quantised into 
magnetic Landau levels. In contrast to previous experiments [8,9] in 
which spectroscopy was performed by studying vertical tunnelling be­
tween two parallel 2D electron systems, separated by an AlGaAs barrier, 
the lateral geometry enables an interpretation of the data in terms of 
the edge state picture of a 2DES in a perpendicular magnetic field.
A more detailed summary of the content and conclusions of the thesis 
is presented in the following section.
1.2 Scope and Summary o f the Thesis
In a sense, the subject of lateral tunnelling forms an interesting link be­
tween vertical tunnelling experiments, to which there exist strong analo­
gies, and the purely 2D physics associated with the 2DES on which la t­
eral devices are based. The work described in this thesis reflects this 
link between the two fields, and in the interpretation of many of the 
experimental results, parallels are drawn with known results for both 
vertical and lateral structures.
The theoretical background for the thesis begins in Chapter 2 which 
reviews some of the basic physics of quantum tunnelling. After a brief 
summary of the early history of the field, which began in earnest in 
the late 1920’s with field emission in metals, the discussion concentrates 
on tunnelling in semiconductor devices. Particular attention is paid to 
tunnelling in semiconductor heterostructures, which often provide an 
elegant experimental demonstration of some of the fundamental prin­
ciples of quantum mechanics. The mathematics begins with a simple 
discussion of the equations determining current flow in solids which are 
then applied to tunnelling with the introduction of the momentum and
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energy conservation laws and the concept of transmission coefficients. 
Approximate methods for calculating the transmission coefficients for 
arbitrary potential barriers are briefly discussed and used to demon­
strate the non-linear current-voltage properties which make tunnelling 
devices attractive for many commercial applications. The latter parts 
of the chapter are devoted to an outline of both the theory of resonant 
tunnelling in double barrier systems, and the experimental properties of 
double barrier resonant tunnelling diodes based on semiconductor het­
erostructures.
In Chapter 3, attention is focussed on the physical properties of low 
dimensional systems and the discussion begins with an overview of the 
historical development of two-dimensional electron systems in modula­
tion doped semiconductor heterostructures. The electronic structure of 
a 2DES is briefly described with solutions to the Schrodinger equation 
and simple expressions are derived for intrinsic physical properties such 
as the 2D density of states. The chapter goes on to discuss the classical 
Hall effect, and the modifications made to the electronic structure of a 
2DES by the presence of a strong magnetic field, applied perpendicu­
larly to the sample layers. Two of the most widely studied effects in 
semiconductor physics, the Shubnikov-de Haas and the quantum Hall 
effects are then introduced and initially explained within the picture of 
localised and extended electronic states. The final part of the chapter 
concentrates on the edge state model of the quantum Hall effect which 
remains the most complete interpretation of von Klitzing’s original ex­
periments from the late 1970’s.
Few of the recent developments in low dimensional semiconductor 
research could have been achieved without the corresponding develop­
ment of crystal growth and lithographic technologies, and these are dis­
cussed in some detail in Chapter 4. Beginning with a description of 
crystal epitaxy, details of the crystal structure of the samples used in 
the experiments are listed. Techniques for optical and electron beam
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lithographies are subsequently introduced and details are given for the 
parameters used in the fabrication of Hall bar samples. The realisation 
of nanometre-scale lateral devices relies heavily on controlled lithogra­
phy and lateral patterning methods and some of the pitfalls encountered 
in the early parts of the work are explained, with particular reference 
to the respective merits of wet etching and reactive ion etching. The 
remaining part of the chapter concentrates on evaporation and lift-off 
techniques for the fabrication of nanometre-scale Schottky gates.
Chapter 5 introduces the principles of a novel type of single barrier 
lateral tunnelling diode in which the potential barrier in the plane of 
the 2DES is induced by etching a nanometre-scale quantum trench into 
the surface of the heterostructure. The motivation for fabricating such 
a device is partly based on the fact tha t the parasitic capacitances tha t 
exist in field effect gated devices are absent in quantum trench structures 
which should display enhanced high frequency properties. Experimental 
data are presented for a range of different devices which at low tempera­
ture (4.2K) display the highly non-linear current-volt age characteristics 
associated with tunnelling phenomena. The tunnelling barrier heights 
were successfully determined by a measurement of thermally activated 
current, which is a novel use for a technique more commonly applied to 
vertical devices such as Schottky diodes and heterostructure tunnelling 
diodes. The results indicate tha t the size of the tunnelling barrier can 
be controlled quite simply via the depth of the etched trench. A further 
experiment showed that the diode characteristics are extremely sensi­
tive to illumination a t low temperature, a fact which is assigned to the 
influence of D-X centre donor impurities in the AlGaAs layer of the het­
erostructure. An overall conclusion from this chapter is tha t quantum 
trench tunnelling diodes represent a robust and practical alternative to 
field-effect gated devices, and may have significant advantages for high 
frequency applications. Future work to asses this proposal is planned.
Chapter 6 presents a detailed discussion of a numerical model of
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the quantum trench structure, from which a direct comparison between 
experimental and calculated current-voltage properties is made. The 
model uses a finite difference solution to the Poisson equation to calcu­
late the conduction band edge potential of the heterostructure, which in 
turn gives the electrostatic potential barrier to electrons in the 2DES. 
To ensure simplicity and modest computing requirements, a full quan­
tum  mechanical treatment of the 2DES, was avoided, and instead the 
electronic charge in the 2DES was distributed using a Fang-Howard 
variational approach. The influence of an inhomogeneous occupation 
of donor impurities in the AlGaAs layer of the devices was also taken 
into account. An interesting feature of the model involves the appli­
cation of a bias voltage across the barrier, which is achieved using a 
self-consistent method of adjusting the boundary conditions such tha t 
the calculated electrostatic potential remains a solution to the Poisson 
equation. Current-voltage characteristics for the model barriers were 
obtained using both the WKB approximation and standard tunnelling 
theory.
Using the trench depth to fit the calculated barrier heights to values 
obtained from thermal activation experiments enabled a direct compari­
son between calculated and experimental current-voltage characteristics. 
The agreement between experiment and theory was good, providing sup­
port for the range of approximations used in the model. One of the main 
features of this model is its simplicity, and the fact that with minor al­
terations it could be applied to structures with arbitrary geometry.
Chapter 7 represents a move away from the device applications side of 
lateral tunnelling, and concentrates on the physics of lateral tunnelling 
in devices employing field-effect Schottky gates. One of the first results 
presented is that single barrier devices show quantised conductance in
•  9 /  •units of 2e / h  in the gate voltage regime just before pinch-off. This im­
plies tha t the electrostatic potential barriers are strongly inhomogeneous 
and tha t transport in this gate voltage regime occurs via ID subbands,
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confined by fluctuations in the barrier potential. A simple analysis of 
the curves suggests tha t the origin of the potential fluctuations arises 
from the random positions of donor impurities in the AlGaAs layer of 
the heterostructure. This is an important result in that it implies that 
despite the impressive quality of crystal growth and lateral patterning 
technologies, the characteristics of lateral, low-dimensional devices are 
still dominated by disorder.
One of the more unexpected effects observed for the single barrier 
gated devices occurred in the low gate voltage, conducting regime, where 
strong minima were found to exist in the conductivity as a function of 
the bias voltage. The minima were associated with the onset of strong 
interband scattering and reduced carrier velocity, due to the transfer of 
hot electrons to the second subband of the 2DES in the collector of the 
device. In principle, this kind of effect, which is a  2D analogue of the 
Gunn effect, could be used to study electrically, the interband scattering 
mechanisms present in 2D electron systems.
The second part of Chapter 7 discusses experimental results for a dou­
ble barrier lateral tunnelling diode. A range of sharp current resonances 
were observed for the device as a function of the gate voltage, which are 
assigned to resonant tunnelling through different quasi-bound states in 
the ID quantum well between the barriers. In addition, resonant tun­
nelling was also observed in the current-voltage properties of the device, 
which exhibit pronounced negative differential resistance. Owing to the 
small energy spacing of the quasi bound states in the ID quantum well, 
it has been proposed [10] tha t such a lateral resonant tunnelling device 
could be used as a sensitive detector for acoustic phonons. Work to 
adapt this kind of device for application as an in-situ phonon detector 
is already advanced.
The final chapter of the thesis presents a detailed experimental and 
theoretical investigation of lateral tunnelling through single barriers in 
a strong magnetic field, applied perpendicular to the plane of the 2DES.
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This is an interesting geometry, in that within the framework of recent 
theories and experiments, current carrying electrons near the barrier 
are believed to be confined to ID magnetic edge states. A theoretical 
analysis of the problem, based on the edge state model, indicates tha t 
only a discrete set of tunnelling channels exist between edge states in 
the emitter and collector, due to the requirements of energy and parallel 
momentum conservation in the tunnelling process. The theory predicts 
th a t a sharp peak in the conductivity of the devices should be measured 
whenever a tunnelling channel passes the Fermi energy in the emitter. In 
the experiments for the gated tunnelling devices, a highly detailed range 
of sharp resonances were observed in the conductivity, which are inter­
preted in terms of tunnelling between edge states. Moreover, tunnelling 
between edge states with different Landau level indices is observed in 
different ranges of the magnetic field, which can be attributed to the 
influence of the individual transmission coefficients of the various tun­
nelling channels. A calculation of the expected resonance positions gave 
some qualitative agreement with the experiment, and provided strong 
support for the interpretation of the data. Comparable results were also 
obtained from similar experiments on the quantum trench devices, al­
though the resonant effects were much weaker. It is proposed tha t the 
combined results for the two types of device add strong support to the 
edge state model of a 2DES in a strong perpendicular magnetic field.
Finally, a major direction for future work must be to reduce the tun ­
nelling barrier widths of lateral devices still further; perhaps ultimately 
into the sub-lOnm range which is currently occupied almost exclusively 
by devices based on vertical tunnelling. This would enable the more 
successful realisation of lateral versions of devices such as the resonant 
tunnelling diode, and also allow the use of much higher barriers, which 
is important if such devices are to find applications other than at liquid 
helium temperatures. In addition, the study of tunnelling phenomena, 
such as tunnelling between magnetic edge states would benefit enor­
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mously from the use of thin barriers, where the stronger wave function 
overlap would enhance resonant effects.
Two methods of reducing the barrier lateral dimensions are foreseen. 
Firstly, the use of high energy electron beam lithography and perhaps 
new resist materials will enable the routine lateral patterning of features 
in the sub-lOnm range in the near future. Secondly, the continual refine­
ment of MBE techniques has meant that the fabrication of heterostruc­
ture samples where the 2DES is positioned to within a few nanometres 
of the sample surface has recently become possible. For the case of gated 
structures in particular, this will enable the realisation of narrower and 
sharper potential barriers.
Combining these two approaches will lead to a drastic improvement 
in the performance of lateral tunnelling devices, which will surely be the 
subject of significant research in future years.
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2 Theory and Applications of Quantum Tun­
nelling
2.1 Introduction
The phrase “quantum mechanical tunnelling” is used to describe the 
transmission of a particle through a barrier, impenetrable when con­
sidered purely in terms of Newtonian mechanics. The concept arises 
from the wave-like nature of microscopic particles, where the wave may 
propagate in attenuated form, through a region which is classically for­
bidden. Thus a particle in a state on one side of a potential barrier 
always has a finite probability of tunnelling into an empty state on the 
other side. The effect is characterised by an exponential dependence of 
the tunnelling probability on both barrier height and barrier width. It is 
this non-linear behaviour that makes tunnelling phenomena both a very 
sensitive method for studying many problems in solid state physics and 
has allowed tunnelling devices to play an important role in many areas 
of modern day microelectronics.
One of the earliest observations of tunnelling effects was of field emis­
sion in metals by Lillenfield in 1922 [11], although it was not until 1928 
[12] tha t Fowler and Nordheim described the main features of the experi­
ment in terms of tunnelling. Other fundamental experiments such as the 
ionisation of hydrogen atoms (Oppenheimer 1928 [13]) and alpha parti­
cle decay (Gamow 1928 [14]) were also explained by tunnelling models at 
about the same time. For the next 30 years the general understanding 
and application of the phenomenon increased gradually with work by 
for example Zener [15] on the theory of inter-band tunnelling in solids 
and by Muller [16] with the invention of the field effect microscope. It 
was not until 1957 however tha t the present generation of electronics 
orientated tunnelling devices was conceived with the invention of the 
p-n tunnel diode by Esaki [17].
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The Esaki diode is basically a reverse biased p+-rc+ junction, where
10 Qthe p- and n-type regions are degenerately doped (> 10 cm ). Under 
appropriate bias conditions, electrons tunnel across the depletion layer 
from the conduction band in the n-type region to the valance band in 
the p-type region. The tunnelling process is however only allowed for the 
bias condition such tha t occupied states in the n-type region are ener­
getically aligned with holes in the p-type region, and the device displays 
a negative resistance feature at higher bias voltages. This property has 
found numerous applications in high speed electronics where for exam­
ple the Esaki diode is used as a high speed switch [4].
Soon after this invention, developments in materials technology al­
lowed the realisation of structures based on tunnelling between metals 
and between semiconductors through ultra thin insulating films (the so 
called metal-insulator-metal (MIM) diode and metal-insulator- semicon­
ductor (MIS) diode [18,19]). W ith this basis, research into tunnelling 
devices branched into two categories; devices based on inter-band tun­
nelling within a single semiconductor such as Esaki’s tunnel diode, and 
multi-layer structures such as MIM diodes, Schottky diodes, and more 
recently semiconductor heterostructures.
In semiconductor heterostructures, the potential barriers for tun ­
nelling are formed by the sandwiching of a wide gap material between 
narrow gap electrodes. The most commonly studied systems are based 
on III/V  semiconductors and in particular GaAs/AlGaAs where ad­
vances in growth techniques such as molecular-beam-epitaxy (MBE) [2] 
and metal-organic-chemical-vapour-deposition (MOCVD) [3] since the 
early 1970’s have enabled the fabrication of atomically precise layered 
systems. The near perfect crystal quality of devices grown with these 
methods has allowed the observation of a whole range of tunnelling ef­
fects predicted by quantum mechanics. In 1974, Chang, Esaki and Tsu 
[1] observed resonant tunnelling through a double barrier semiconduc­
tor heterostructure, a manifestation of confined states in the quantum
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well between the barriers. Chang and Esaki were also the first to report 
the observation of miniband transport in a multibarrier superlattice[20]. 
More complicated three terminal devices have also been reported, for 
example the hot electron transistor in 1985 [21] which utilises the fast 
base transit times of high energy electrons tunnelling through an emitter 
barrier to achieve high speed.
A number of very comprehensive reviews have been published [22- 
24] which discuss many aspects of the physics of tunnelling in solids. 
In the following sections, a brief outline of the principles and theory of 
tunnelling is given as a basis for calculations and experiments described 
later in the thesis.
2.2 Tunnelling Through Single Potential Barriers
2.2.1 Tunnelling Current
A useful starting point in a discussion of quantum mechanical tunnelling 
is the Drude model for the conductivity of a free electron gas [25]. In 
the Drude model, the electron current density flowing in a direction x  is 
described as the product of the charge density ne and the electron drift 
velocity vXi
J x =  nevx (2-1)
for an electron density n =  N / L  where N  is the number of electrons and
o . il
L  is the crystal volume. Assuming the i electron has an instantaneous 
velocity vx% and a probability of transmission through the crystal the
expression for the current can be re-written as a sum over all electrons,
N
Jx — jpjj }   ^vxiti. (2*2)
*=l
Integrating over all states in A;—space , where the volume of a state is 
(2ir/L)3 gives,
poo poo poo
J  =  (0& v3 I I I  f ( E ) v xT(Ex)dkxdkydkz (2.3)
\ 27r) Jo  Jo  Jo
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for an energy dependent transmission coefficient T (E X) which, for tun­
nelling problems, becomes the probability tha t an electron with an en­
ergy E x will tunnel through the potential barrier. f ( E )  is the Fermi- 
Dirac distribution function which gives the probability of a state with 
energy E  being occupied at a temperature T  where,
1
/(£) = (2.4)
1 +  exp
and fi is the electrochemical potential. Eqn.2.3 must be modified further 
to take into account the fact tha t in the absence of scattering during 
the tunnel process, the total energy has to be conserved and the Pauli 
principle has to be obeyed. Thus, for tunnelling to be possible from 
the em itter to the collector, an occupied state in the emitter must be 
coincident in energy with an empty state in the collector, i.e.
poo poo poo
J ec = - j —  /  /  l fe( E ) ( l - f e ( E ) ) ] v xT ( E x)dkxdkydkz. (2.5)
\ 2 ^ )  J o  J o  Jo
Here, f e { E )  and (1 — f c( E ) )  are the probabilities of states with an energy 
E  being occupied and unoccupied in the emitter and collector respec­
tively and vx is the electron group velocity.
For net current to flow, a difference in the occupation probabilities 
in the emitter and collector must exist. This condition is fulfilled by the 
application of a bias voltage to the barrier, which serves to lower the 
Fermi level on one side of the barrier by an amount eV  relative to the 
other side. Although the current will then be dominated by tunnelling 
in the direction of the applied bias, the current flowing in the reverse 
direction cannot be ignored and the total current density is,
Jrp =  J ec Jce (2.6)
Furthermore, the Fermi function in the collector can be written f c ( E )  =
f e( E  +  eV) =  f ( E  +  eV ) which gives the total current density,
poo poo poo
J T  =  ^ T 3 I / / i f ( E)  -  f ( E  -  eV)} vxT (E x, eV)dkxdkydkz .
° (2-7)
Theory and Applications of Quantum Tunnelling 15
A further development of the formula for the current density is given 
in Chapter 6 for the specific case of lateral tunnelling between 2D elec­
trodes. For the more commonly studied problem of tunnelling between 
3D electrodes, the current density formula for the zero temperature limit 
is derived by Mendez [26] as,
em* T f EF~eV




{Ep —■ E X)T(EX, eV)dEx
Ep-eV
* f pEp
JT =  \ J  (e f  ~  Ez)T (E x, eV)dEz
eV  < E f  (2.8)
eV  > E f  (2.9)
2 tt2R3
Where Ep  is the Fermi energy in the emitter, m* is the effective electron 
mass (m* =  0.067mo where mo is the free electron mass) and is Plancks 
constant (ft =  h/2n). The two energy regimes eV < Ep  and eV  > Ep  
correspond to the situation where partial or no overlap respectively exists 
between the Fermi seas in the emitter and collector of the device (see 
Chapter 6).
2.2.2 Transmission Coefficients
A large fraction of practical tunnelling problems are characterised by a 
one-dimensional (ID) barrier potential and, as a result the functional 
dependencies of the electron wavefunction parallel and perpendicular 
to the barrier are separable. For a potential barrier in the x-direction, 
choosing the electron wave function,
^(x, y , z) =  ij){x)exp{ikyy +  ikzz) (2.10)
means that solutions to the Schrodinger equation (SE) both parallel to 
and on both sides of the barrier are plane waves with energy eigenvalues,
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where fc|| =  y /ky  +  fcf is the parallel momentum. The fact that for a 
ID potential barrier, the wave functions parallel to the barrier remain 
unchanged during the tunnelling process leads to an important criterion 
for tunnelling, namely that parallel momentum is conserved.
Fig.2.1 shows a sketch of an ideal single rectangular barrier with
1 2 3
Vr
F ig u re  2.1: Sketch of the electron wavefunction i>(x) across a rectangular 
tunnelling barrier. ip(x) and 1 /m*(dil>(x)/dx) are both continuous at the 
boundaries x\ and x r.
height Vq and width Wo* Within the effective mass approximation, the 
ID SE for an electron wave travelling in the x —direction is,
n2 a2
-V o 4>(x) = Exip(x).2m* dx^
Solutions to the SE in the regions 1, 2 and 3 are,
ipl(x) = e,kzlX + re~ikxlX 
ipi{x) = A e kx2X +  Be~ikx2X 
ipz(x) =  te,kx3X
— o o  <  X  <  XI  
X \  <  X  <  X r  




where r and t are the reflected and transmitted amplitudes of the elec­
tron wavefunction incident on the barrier respectively, and A  and B  are
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constants. Outside the barrier (regions 1 and 3), solutions to the SE are 
plane waves with k%i =  =  (2m*Ex/h?) whereas in the barrier region,
~ Vo). (2.15)
If E x < Vo then kx2 is imaginary and the wavefunction will decay
exponentially in region 2.
Matching the wavefunctions and their first derivatives l /m*(dip(x)/dx), 
both of which are continuous at the boundaries xi and xr results in an 
expression for the transmission coefficient (T ~  |£|2) [24],
T (E X) ~  e xp (-2 XW0) (2.16)
where x =  Eqn.2.16 shows clearly tha t the transmission co­
efficient (tunnelling probability) and hence the tunnelling current are
exponentially sensitive to the barrier dimensions.
2.2.3 W K B M ethods
Analytical solutions to the SE such as the above can however only be 
obtained for tunnelling problems where the barrier potential V  (x) has a 
simple analytical form. Although the SE can be solved numerically, more 
simple methods such as the Wenzel-Kramers-Brillouin (WKB) [27] semi- 
classical approximation usually provide sufficiently accurate information 
about T (E X). The WKB method is valid for tunnelling problems where 
the change in the barrier potential within an electron wavelength is 
small compared to the electrons kinetic energy. The expression for the 
transmission coefficient is derived in [27] and is generally written,
T (E X) ~  exp ^ - 2  J  x i t fd x ' j  (2.17)
where
x(x) = J ^ j £ ( V ( x ) - Ex). (2.18)
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The value of the W KB expression is illustrated by applying it to  the 
case of a single rectangular barrier with an applied bias voltage V . The 
barrier potential, which is trapezoidal for eV  < Vo and triangular for 
eV  >  Vo becomes,
V(x) = V0 -  (2-19) Wo









F ig u re  2.2: Transmission coefficient T calculated using the WKB expres­
sion for a rectangular barrier as a) a function of incident electron energy for 
fixed applied bias V, and b) as a function of bias voltage for an electron energy 
at the conduction band edge
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the transm ission coefficient for the case eV  < Vq,
((Vo -  E x)$ -(V0 -
(2.20)
whereas for eV  >  Vq,
(2 .21)
Fig.2.2a) and b) show the transm ission coefficient T ( E X, eV)  for a lOOmeV 
high, 20nm wide barrier, calculated as a function of both E x a t constant 
V  and as a function of V  for a single incident energy E x. Note th a t al­
though the W KB expression predicts th a t T { E X, eV)  will increase mono- 
tonically in the triangular barrier regime (eV  >  Vo), the transm ission 
coefficient actually oscillates in this region as the effective barrier w idth 
decreases. These oscillations, term ed Fowler-Nordheim resonances are 
due to constructive and destructive interference between waves incident 
on and reflected from the collector interface [26]. These interference ef­
fects are not taken into account in the WKB approxim ation.
W hen, as is usually the case for lateral tunnelling problems, the tu n ­
nelling barrier potential V (x ) cannot be described analytically, the m ost 
effective technique for obtaining T ( E x, eV)  is to solve the integral in 
the W KB exponent numerically. Dividing the potential barrier into a 
large num ber of th in  rectangular components with heights £/ (shown in 
Fig.2.3) means th a t T ( E x, eV)  can be calculated from a product of the 
individual transmission coefficients T \(E X), i.e. for p component barriers,
p
T ( E x) = Y [ t , (Ex) (2.22)
which can be re-w ritten,
(2.23)
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 T
F ig u re  2.3: Notation used for numerical integration of the exponent in
the WKB approximation. The potential barrier is divided into p rectangular 
components with heights £/ and individual transmission coefficients T\.
where d is the width of the component barriers,
and
X< =  v / ^ f  ( £ / - £ * )  (2.24)
& =  YM+3.+  (2.25)
Integrating for each square barrier gives the following expression for 
the transm ission coefficient for a potential barrier V (x ) for any incident 
electron energy E x.
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2 .2 .4  C u rre n t-V o lta g e  P ro p e r t ie s
W ith  a knowledge of the transm ission coefficient T ( E X, eV), it is stra igh t­
forward to  calculate the tunnelling current density J  from Eqn.2.8 and 
2.9. Fig.2.4 shows calculated current-voltage ( TV)  characteristics for
CVJ
Eo<















0 50 100 150 200
V (mV)
F ig u re  2 .4: Calculated I-V characteristics for four rectangular tunnelling
barriers with 3D electrodes. The transmission coefficients were calculated 
using the WKB approximation (Eqn.2.20 and 2.21) and the current density 
was obtained from Eqn.2.8 and 2.9 for a temperature T = OK and a Fermi 
energy Ep = 20meV. The right-hand part of the figure shows the energy profiles 
of the tunnelling barriers for the bias regions described in the text.
four, 20nm wide rectangular tunnelling barriers with barrier heights of 
50, 100, 150 and 200meV respectively. Three distinct regions can be 
seen on the  figure; firstly a t low bias (eV  < Ep) ,  the current is van-
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ishingly small and roughly proportional to the applied voltage. In the 
range Ep  < eV < Vq the current increases rapidly as the transmission 
coefficient increases exponentially with decreasing barrier height. In the 
Fowler Nordheim regime (eV  > Vo) the rate of current increase is most 
rapid as both the barrier height and the effective barrier width decrease.
2.3 Resonant Tunnelling
2.3.1 Transmission Coefficients
The term “resonant tunnelling” is generally applied to any situation 
where tunnelling can occur via bound states in a confined system. Ex­
perimental observations of the phenomenon are numerous with the most 
common example being the double barrier heterostructure diode, but 
resonant tunnelling has been seen through systems of lateral barriers, 
quantum dots, and a range of other devices.
The concept of resonant tunnelling is most simply demonstrated by 
the ideal case of a pair of rectangular potential barriers, separated by a 
narrow quantum well. For the case of symmetric barriers, if the energy 
of an electron impinging on the barrier is coincident with the energy 
of a quasi-bound state in the well, then the electron will be transm it­
ted without attenuation; i.e. the transmission coefficient is unity if the 
electron retains phase coherence during the tunnelling process. This 
resonance condition corresponds to constructive interference occurring 
between the electron wave fronts in the well between the barriers and 
indeed a classical analogue of the device is the Fabry-Perot resonant op­
tical cavity. For all other incident energies, the transmission coefficient 
is approximately determined by the transmission coefficients of the in­
dividual barriers and the incident electron wavefunction will be strongly 
attenuated.
Fig.2.5 shows a sketch of the transmission coefficient T (E X) for a 
symmetric double barrier system with four quasi-bound states in the






F ig u re  2.5: a). Sketch of the transmission coefficient T(EX) for a symmet­
ric double barrier structure as a function of the incident electron energy. The 
transmission coefficient reaches unity for electron energies which coincide with 
the bound state energies En. b). Energy profile for an ideal double barrier 
system with four quasi-bound states
quantum  well. For this ideal case, T ( E X) reaches unity when E x =  E n 
(n  =  0 ,1 ,..) . Each quasi-bound sta te  is characterised by a lifetime r n 
which is due to the finite probability of an electron leaking out from the 
well. The energy width of each resonance A E n is related to the lifetime 
via the  uncertainty principle, A E n — h /2 rn and thus the longer lifetimes 
of the lower, more strongly confined states are reflected by sharper res­
onances.
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2.3.2 I-V  Characteristics
In real devices, the symmetry condition is usually broken by the ap­
plication of a bias voltage across the barriers. The right hand side of 
Fig.2.6 shows a sketch of the conduction band edge profile of a com­
monly studied device which consists of undoped AlGaAs barriers and 
an undoped GaAs well, sandwiched by heavily doped GaAs electrodes. 
For simplicity, the device is taken to have only a single quasi-bound 
state. Assuming tha t any applied bias voltage falls linearly across the 
active region of the structure, both barriers will become trapezoidal and 
the quasi-bound state energy E q will fall with increasing bias (region 
A on the figure). As Eq falls below the Fermi energy in the emitter, 
resonant current can flow while still conserving parallel momentum and 
total energy during the tunnelling process, causing a sharp rise in the 
total current (region B). The resonant current will then increase further 
as E q moves down through the Fermi sea, due to the increase in the 
number of 2D states available in the well for tunnelling. This idea can 
be seen more clearly in the inset of Fig.2.6 which shows the intersection 
in momentum space of the Fermi sphere in the emitter electrode and the 
Fermi disc in the 2D quantum well. The (momentum conserving) reso­
nant current is proportional to the shaded area of the figure, and since 
kQ =  l/hy/2m*EQ, the area increases with increasing bias i.e. as E q falls. 
When E q drops below the conduction band edge energy in the emitter, 
parallel momentum and total energy can no longer be conserved and 
the resonant current will drop sharply (region C), giving rise to negative 
differential resistance (NDR) which is exploited in device applications. 
At very high bias, the total current increases exponentially due to non 
resonant tunnelling through the two barriers.
In practice, the magnitude of the valley current I v is always larger 
than values predicted by resonant tunnelling theories. This is largely 
due to the presence of scattering mechanisms in real devices such as





F ig u re  2.6: Sketch of a typical I-V characteristic for a double barrier
resonant tunnelling diode with a single bound state in the quantum well. The 
right-hand side of the figure indicates the energy profiles of the device for 
different bias regimes.
phonon emission or im purity scattering which destroy the coherence of 
the  electron wave function through the device. In this context, the  res­
onant tunnelling process can be considered as being sequential [28], i.e. 
the  electron tunnels resonantly into the well, is scattered and loses phase 
coherence, and then  tunnels out through the second barrier. This means 
th a t perfect cancellation of the back scattered waves no longer occurs 
and the transm ission coefficient is not unity as predicted in the coherent 
model.
The NDR region, characteristic of resonant tunnelling devices (RTD ’s) 
is the basis for w hat have become significant high frequency electronic
Voltage
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applications, for example as oscillator diodes. Important parameters for 
such applications are both the value of the high frequency cut-off and the 
maximum available power, which are both maximised by a broad NDR 
region and a large difference in the peak and valley currents (Ip-Iv) [29]. 
Heterostructure based RTD’s are the most suitable structures yet de­
veloped for these applications, and indeed one of the fastest electronic 
devices reported to date was an InGaAs/AlAs RTD which achieved a 
frequency of 420GHz at an output power of 0.2/iW [30].
Chapter 7 describes experimental data from a lateral RTD, in which 
the potential barriers are induced in the plane of a 2D electron gas with 
a pair of nanometre scale Schottky gates. Although due to reduced 
electrode charging times, lateral devices have the potential for improved 
high frequency performance over their 3D counterparts, it is unlikely 
th a t such a device would achieve the current densities and room tem­
perature operation requirements necessary for commercial exploitation. 
Other potential research applications do exist however and are briefly 
discussed in Chapter 7.
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3 Properties of Two-Dimensional-Electron-System s
3.1 M odulation Doped G aA s/A lG aA s H eterostructures
The physical properties of two-dimensional-electron-systems (2DES)1 
have been the subject of wide ranging research interest for over 20 
years. Most of the early studies in the field, right up to the discov­
ery of the quantum Hall effect in 1980 [31] were made on Si MOSFET 
(Metal-Oxide-Semiconductor-Field-Effect-Transistor) samples in which 
the 2DES is induced at the Si-Si02 interface by the application of a 
positive bias voltage to the gate electrode on the sample surface. Al­
though Si MOSFET’s have been hugely successful for integrated circuit 
applications, the inherently poor interface quality produced by thermal 
oxide growth and the large effective mass m* results in only modest 2D 
electron mobilities. This makes them non-ideal for use in many research 
problems, where electron scattering can obscure quantum phenomena, 
and also limits the device performance in high frequency applications, 
since electron mobility is of critical importance for fast switching times.
A major breakthrough for both research and industry came in the late 
1970’s with the switch from Si to III- V  semiconductor materials and in 
particular with the realisation of the modulation doped GaAs/AlGaAs 
heterostructure2 (more commonly known as the high-electron-mobility 
transistor or HEMT) [33].
Modulation doping is a technique in which donor electrons are spa­
tially separated from their parent impurity atoms. This physical sepa­
ration, which results in a drastic reduction in impurity scattering can
1A system of electrons is generally described as two-dimensional if a discrete spectrum 
of electronic subbands, each with a constant density of states exists (see section 3.2.1).
In reality, a 2DES will have a finite extent in the direction of confinement, which depends 
on the electron concentration but is generally less than 50nm.
2It should be noted that very recently, modulation doped SiGe heterostructures have 
also attained ultra-high electron mobilities at low temperature [32]
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lead to ultra-high electron mobilities (>  107Vr-1s -1 cm2 a t 4.2K) [34] 
and consequently long electron mean free paths (>  10/zm). M odulation 
doped heterostructures usually consist of a single junction of two lattice 
matched semiconductor m aterials with differing forbidden gaps E g\ and 
E g 2 (for this work AlxG ai_xAs and GaAs) of which only the wide gap 





F ig u re  3.1: Schematic diagram of the band structure of a GaAs
AlxGa\-xAs single heterojunction. The full and empty circles show the 
positions of occupied and unoccupied Si donors ions respectively in the 
Alx Ga\-x As layer. The Fermi energy is indicated by the dashed line.
occurs across the heterojunction in order to create a uniform Fermi en­
ergy (Ep)  throughout the sample and a 2D gas of electrons builds up in 
the GaAs a t the interface, confined both  by the conduction band offset 
between the two m aterials and the a ttractive electrostatic potential pro­
duced by the ionised donors. In most devices, the mobility is enhanced 
by the inclusion of a thin, undoped AlxG ai_xAs spacer layer at the  in­
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terface which reduces the Coulomb interaction between electrons and 
donors still further. Any roughness at the GaAs/AlGaAs will induce 
interface scattering in the 2DES and strongly reduce the mobility. For 
this reason, only the most precise crystal growth technologies such as 
MBE or MOCVD can be used to fabricate ultra-high mobility HEMT’s.
Fig.3.1 shows a sketch of the energy band structure at the interface 
of a typical device. Chapter 4 gives a more detailed description of the 
material and crystal growth parameters of the samples used in this work, 
and a discussion of the physics of electron transport in a 2DES is given 
below.
3.1.1 Zero M agnetic Field Properties
The confining potential well V(z)  for 2D electrons in a modulation doped 
heterostructure arises principally1 from the electrostatic potential <j>(z) 
of the conduction band edge of the sample in the growth direction. <j>(z) 
can be calculated from the Poisson equation (PE) which states tha t the 
curvature of the potential is a function of both the charge density and 
the dielectric properties of the system, i.e.
d2<t>(z) p(z) ,
dz2 “  m ( z )
where p(z) is the charge per unit volume (charge density), and eoe(z) 
is the dielectric constant. Since the charge density is proportional to 
the square of the electron wave function, a calculation of the energy 
eigenvalues of the well requires a self-consistent solution to both the PE 
and the Schrodinger equation (SE),
H ^ ( x , y , z )  =  E V (x ,y , z )  (3.2)
1Strictly speaking, V(z) depends not only on the electrostatic potential <j>(z), but 
also contains terms originating from the Coulomb interaction between the electrons, the 
potential associated with the band-edge discontinuity at the interface, and the change 
in dielectric constant of the materials over the interface [35].
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The single particle Hamiltonian H  for an electron at the boundary be­
tween GaAs and AlGaAs takes the form,
H  =  [(-P -  eA(x, i/,z))]2 - e V  (x , y, z) (3.3)
where P  =  —ih(id/dx A j d / d y  +  kd/dz)  is the momentum operator 
for the orthogonal set of unit vectors (i,J, k). A (x ,y , z )  is the vec­
tor potential and for zero magnetic field A (x , y , z) is a constant. As­
suming the electron motion to be free in the x-y plane (plane waves), 
the Hamiltonian can be separated using the wave function \P(#, y, z) =  
£(z)exp(ikxx  +  ikyy). Working within the effective mass approximation 
(m* =  0.067rao where tuq is the free electron mass), solutions to the SE 
in the x-y plane are E(kx) =  fi2fc^/2ra* and E(ky) =  Ti*ky/2m*. In the 
2-direction, the SE becomes,
%2 d1
2m* dz** -  <t>(z) ti{z) =  Eiti{z) (3.4)
for the set of energy eigenvalues E{. Self-consistent solutions to Eqn.3.1 
and 3.4 can only be obtained numerically [36], although a useful sim­
plification can be obtained by replacing <j>(z) with a simple triangular 
potential, in which case the SE can be solved exactly [37].
Solving Eqn.3.1 and 3.4 reveals a discrete set of energy eigenvalues 
Ei more commonly termed electronic subbands. The complete energy 
spectrum in fc-space is given therefore by,
h2k2 h?k2
*(***>> =  * + 2 ^ + a J f  <3-5)
and is sketched in Fig.3.2.
For a 2-dimensional system of electrons, the Fermi sphere becomes 
a Fermi disc of radius kp. Assuming each electronic state occupies an 
area {2'k/ L ) 2 in fc—space, the total number of states in the disc,
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where the factor of 2 is included to account for the electron spin. The 
electron density n^D — N / L 2 and hence the Fermi radius is given by,
k f  =  \/27T 7l2£) (3.7)




F ig u re  3 .2: a) Left: Parabolic energy dispersion in k-space in the plane of 
the 2DES. Eq, E\ and E 2 indicate the energies of the first three occupied elec­
tronic subbands, a) Right: Schematic representation of the density of states of 
the 2DES per unit area and per unit energy with zero applied magnetic field, 
b) Un-broadened DOS for a 2DES in a perpendicular magnetic field. The 
solid and dashed lines indicate Landau levels in the first and second subbands 
respectively
be obtained from Eqn.3.5,
E p  =  E q + 7\Tl U^ Dra’ (3.8)
where Eq is the  energy of the bottom  of the first subband. The density of 
sta tes (DOS) (num ber of states per unit area and unit energy) D 2 d ( E )  
is the  sum  of the  DOS of each subband D i ( E ), i.e.,
D,„(E) =  £ > ( £ )  =  £ f g . (3.9)
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Therefore,
D 2 d ( E )  E i )  (3 -10^
i
where © is the Heaviside step function. Thus the DOS in each subband 
is a constant (if ra* is constant), and the to ta l DOS is a step-like function 
with increasing energy which is sketched in Fig.3.2.
3.2 T he H all Effect and M agnetoresistance
Electrons travelling through a wire under the influence of an electric field 
E x in a perpendicular magnetic field B z are subject to a Lorenz force 
Fy =  E x X B z- As a result, electrons are deflected to one side of the 
wire, producing an electric field E y, which under equilibrium conditions 
will exactly oppose the Lorenz force. This result was first observed by 
E. H. Hall in 1879 [38]. Hall’s experiment is generally reproduced using
F ig u re  3 .3 : Hall bar geometry used in measurements of the transport
properties of a 2DES. The same geometry is also used as a basis for lateral 
tunnelling devices described in Chapters 4-8.
the so-called Hall bar geometry which consists of a long thin sample 
with current contacts a t each end and voltage probes on each side (see
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Fig.3.3). The voltage probes can be used to obtain either the Hall resis­
tance R ji =  Vy/Ix  or the magnetoresistance R x =  Vx/Ix  by measuring 
the transverse or longitudinal voltage drops on the sample respectively. 
Hall found Vx to be magnetic field independent to first order, in contrast 
to Vy which is given for electrons by,
B zIx
Vy =  VH = nde (3.11)
where n  is the carrier density, d the sample thickness and e the electronic 
charge. For a 2D sample, the product of carrier density and sample 
thickness is equivalent to a 2D charge density ri2£), hence the surprising 
result th a t the Hall voltage for a 2D sample is independent of the sample 
dimensions. The Hall resistance (for a 2D sample) is therefore given by,
B t
R h  =
712 D e
(3.12)
A more common notation used to describe magnetotransport in a 2D 
electron system is obtained from a generalisation of Ohms law involving 
the 2D magnetic field dependent resistivity tensor p(B). The current 
density is then related to the electric field strength by the relation,
E  =  p(B) J p(B)  =
Pxx Px y  
~ p Xy pXX
(3.13)
Applying Eqn.3.13 to the Hall effect problem with current in the in­
direction gives,
Pxx p x y  
—P x y  Pxx
Pxxjx
P x y j x
(3.14)
Hence the Hall resistance can be directly related to the pXy component 
of the resistivity tensor,
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The diagonal component pXx can be calculated using the Drude theory 
of conductivity [25] which describes the resistivity of a material in terms 
of an average scattering time r ,
m* 1 / o i * \Pxx =  -9-------= ---------  (3.16)
ezri2DT C712D/X
where m* in the effective electron mass. Alternatively, pXx can be written 
in terms of the electron mobility p =  re/m*,
Pxx — • (3 *1 7 )
en2DV
The relations 3.16 and 3.17 for 2D samples are in fact only valid for small 
values of the magnetic field where the additional quantising influence of 
the magnetic field is small. This is discussed in detail in the following 
section.
3.2.1 P roperties in a Perpendicular M agnetic Field
Application of a magnetic field to a 2DES imposes a Lorenz force on the 
electrons in a direction perpendicular to both the field and the direction 
of motion. If the field direction is perpendicular to the plane of the 
2DES, a t strong magnetic fields the electrons will follow closed circular 
orbits in the x-y plane known as cyclotron orbits. For finite magnetic 
field, the vector potential A  is no longer constant, and the SE for motion 
in the x-y plane of an ideal 2DES,
2^  [ P -  eA (x ,y ,z )]2 W(x,y) =  (E -  E i ) ^ (x ,y )  (3.18)
where (E —Ei) is the energy in the x-y plane. Choosing a vector potential 
of the form A (x , y , z) =  (0, B x , 0) (termed the Landau gauge) means 
tha t the Hamiltonian is separable using wave functions of the form,
$ (z , y) =  exp(ikyy)<l>N(x -  x q ) .  (3.19)
After some manipulation [39], the SE can be written,
2 o2  ♦ 2- n d  m u c 2
W d x *  +  — ( x  -  Xo)
4>n ( x  — x q )  =  (N  + i )hu>c<t>N(x -  x q )
(3.20)
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This is simply the differential equation governing the motion of a har­
monic oscillator with the central coordinate x q  =  Uky/eB and a cy­
clotron frequency ujc =  eB/m*.  The energy eigenvalues are discrete and 
for each subband, i,
E i j f  = Ei + huc(N  +  | )  (3.21)
where N  is the index of the energy level or Landau level. A further 
quantisation occurs within each Landau level due to the presence of 
spin-up and spin-down electron states. Hence the Zeeman energy must 
be included in the the complete energy spectrum,
Ei,N,s = Ei 4- hu)c(N  +  —) +  sg*p q B  (3.22)
where /z# is the Bohr magneton and s =  and — \  for spin up and 
spin down states respectively. The effective Lande g-factor g*, which 
contains many-body corrections, is dependent on the occupation of spin- 
up and spin-down states within each Landau level N  and is therefore 
also strongly dependent on the magnetic field (see Chapter 8).
Each spin resolved Landau level contains rii =  e B /h  states and the 
density of states, which is sketched in Fig.3.2 is a set of delta functions 
with energies I?* jv>,
&2d (E) =  nL ^2 ,  ~ E i,N)8)- (3.23)
i,N,s
It is convenient to characterise the system in terms of the number of 
occupied Landau levels or filling factor
v = n2D = hnM> (3.24)
n i  eB
So far, this discussion has concentrated on ideal 2D electron systems, 
ignoring any influence of the disorder which exists in real crystal struc­
tures. The effect of disorder, which may for example arise from the 
presence of impurity atoms near the crystal interface, is to cause an en­
ergy broadening of the Landau level DOS. Numerical calculations [40]
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have shown an im portant difference between states in the centre of the 
levels and those at the edges (or tails), namely tha t those at the centres 
are extended (i.e. they can carry current) whereas those in the tails 
are strongly localised. This can be visualised by considering the long 
range potential of the 2DES as a landscape of hills and lakes produced 
by the influence of repulsive and attractive impurities. Cyclotron orbits 
at the centre of the Landau levels follow equipotential paths between 
the landscape features, whereas those in the high or low energy tails 
are closed around hills or within lakes respectively. The first model of 
the broadened DOS was published by Ando [41] who proposed a sum of 
half ellipses. A range of subsequent experiments however ([42,43] and 
references therein) demonstrated tha t a significant DOS exists between 
the levels, and a more realistic model, based on a sum of Gaussian func­
tions was developed by Gudmundsson and Gerhardts [44]. They gave 
the DOS as,
. 2 '1 I ( E  -  E N s
D 2D(E) =  nL ^ - j = e x p  - - (3.25)
The term T is a measure of the broadening of each Landau level and 
depends on the type of disorder present in the crystal. Assuming the 
impurity potential acts over a short range, T can be obtained from the 
expression,
r  =  n j  2ef  (3.26)y 7rra*T0
where tq is the mean time between scattering events and importantly 
is not the same as the t  obtained from the zero field magnetoresistance 
(Eqn.3.16). Fig.3.4 shows the DOS calculated from Eqn.3.25 at a mag­
netic field B=3.1T. The approximate energy positions of the localised 
and extended states are also sketched on the figure.







F ig u re  3 .4: Calculated density of states per unit area and energy D2D as
a function of energy for a 2DEG in a perpendicular magnetic field B  = 3.IT. 
The calculation includes the enhanced g-factor and assumes g* is the same 
for each Landau level. Spin splitting of the Landau levels is clearly observed 
at this magnetic field. Inset shows a representation of the energy positions of 
localised and extended states within each level.
3.3 T h e Shubnikov-de H aas and Q uantum  H all E ffects
A m easurem ent of the transport properties of a 2DES a t high m agnetic 
fields and low tem peratures (T  < 10/iT) reveals striking oscillations in 
the  m agnetoresistance pXx which are periodic in 1 / B . These Shubnikov- 
de Haas (SdH) oscillations are in direct contrast to Hall’s observation 
(at room  tem perature) th a t the magnetoresistance of a  3D sample is 
a constant, and are a consequence of the discrete nature  of the  DOS
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F ig u re  3 .5: Magnetoresistance pxx and Hall resistance pxy as a function
of magnetic field for a GaAs/AlGaAs heterojunction sample at a temperature 
T=1.3K. The dashed lines indicate the classical values. The 2DEG mobility 
p. «  600000cm2 V-1s-1 and the electron concentration n2D = 2.52 x 1011 cm-2. 
Dot-dashed lines show the positions of integer filling factors up to u = 8.
of a  2DES in a magnetic field a t low tem perature. Fig.3.5 shows pXx 
m easured as a function of B  for a GaAs/AlGaAs heterojunction sam­
ple. The m axim a in pXx occur a t magnetic fields where the  Fermi energy 
lies a t the  centre of a  Landau level (half integer filling factors), whereas 
m inim a in pXx occur when E p  lies exactly between two Landau levels 
(integer filling factors). At first glance this observation appears contra­
dictory, as one might expect a lower resistance when E p  lies in a region 
w ith a  high DOS (Landau level centre) than  in a region with a  low DOS
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(between Landau levels). The explanation lies in the way in which pXx 
is related to the conductivity axx via the tensor relation between J  and 
E  (Eqn.3.13). The conductivity tensor a ( B ) =  1 /p(B),  and it is simple 
to show that
& x x
P x x  —  —q ; o ~
& x x  " h  & x y
If axx is small compared to axy then pxx ~  Cxx/o'xy i*e. the resistivity 
is proportional to the conductivity. Oscillations in pxx will therefore 
be in phase with those in axx which are characteristic of the density of 
states at the Fermi level. This picture of SdH oscillations, based on the 
modulation of the DOS at Ep  cannot however explain why pxx vanishes 
at low filling factors (large magnetic fields) over significant ranges of 
the magnetic field. For tha t it is necessary to return to the idea of 
localised and extended states discussed in the previous section. The 
lack of conducting states available when Ep  lies in the localised Landau 
level tails (near integer values of v) results in zero conductivity axx and 
hence zero magnetoresistance. The finite DOS that exists between the 
levels extends this condition over a range of magnetic field values.
Shubnikov-de Haas oscillations provide an accurate experimental way 
of determining the electron density of a 2DES. Since the minima in pxx 
indicate magnetic field positions of integer filling factors, U2D can be 
inferred directly from Eqn.3.24. Further experimental applications of 
the effect for the characterisation of a 2DES are given in [45].
This picture of localised and extended states is equally important 
for an understanding of the behaviour of the Hall resistance R h { ~  pxy)  
which is shown for the same 2D sample in Fig.3.5 as a function of the 
magnetic field. Again contrary to Hall’s result that the Hall resistance is 
a linear function of H, well defined plateaus appear in R jj near integer 
values of v. Furthermore, the resistance at the plateaus is precisely 
quantised in units of h /e 2, and remarkably, is independent of sample 
parameters and material. These observations, which were first made by
(3.27)
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von Klitzing et al. [31] in a study of inversion layers in Si MOSFET’s 
are termed the integer quantum Hall effect.
The existence of quantised values of the resistance can be predicted 
quite simply from Eqn.3.12. Substituting for the electron density in 
terms of the number of electrons per Landau level and the filling factor 
gives the Hall resistance,
R h  = A  (3-28)vez
This suggests tha t R h is only quantised at very special values of B  
(i.e. when the uppermost Landau level is completely occupied) and does 
not imply the presence of plateau regions. To understand the plateaus, 
again requires a return to the idea of localised and extended states. 
Only current carrying states (extended states in the Landau level centre) 
can contribute to the Hall voltage (or resistance) and hence a constant 
value of R h would be expected while the Fermi level lies in the region 
of localised states between the Landau levels. While explaining the 
presence of the plateaus, this does not explain why they occur at values
9 • •of h/e  since the localised states cannot carry current and should not 
influence the Hall resistance (Eqn.3.28). This problem has been the 
subject of much investigation (see [29] and references therein) and is 
partly answered in the edge state model of the quantum Hall effect 
which is described below.
3.4 The Edge State Picture o f the Quantum Hall Effect
The above discussion of the quantum Hall effect purely in terms of local­
isation in a discrete density of states assumes a 2DES of infinite extent 
and ignores any influence the sample boundaries may have on experi­
mental observations. To understand the role played by the sample edges 
in determining the properties of a real 2DES, it is necessary to return to 
the Schrodinger equation describing the motion of electrons in the x-y 
plane. The effect of the edges is to introduce a confinement potential
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V (x, y) which is zero at the centre of the sample but increases sharply 
near the boundaries. Assuming a very long sample (such as a Hall bar) 
enables V (x , y) to be considered as one-dimensional (i.e. only a single 
pair of opposing edges are included). In this case the Hamiltonian is 
separable (as in the case of Eqn.3.18) using the wave function,
lE^x, y ) =  exp(ikyy)<t>(x — x q )  (3.29)
to produce the SE,
(j)(x -  x q )  — (E -  Ei)<t>(x -  xo)
(3.30)
In the centre of the sample where V(x)  =  0, the eigenvalues are identi­
cal to those for an infinite system as given previously in Eqn.3.21. For 
non zero V(x)  (at the sample edge), the influence of V(x)  is to sharply 
increase the energy of the eigenvalues, which also become dependent on
ky.
A more convenient coordinate from which to plot the eigenvalue dis­
persion, is the centre of the cyclotron orbit xq where,
xo =  —l2ky (3.31)
and I is the magnetic length (/2 =  U/eB). Fig.3.6 shows a sketch of the 
energy dispersion of the first four (un-broadened) Landau levels across 
the width of a sample as a function of the orbit centre xo (ignoring 
spin splitting). The sample edges are at x\  and X2 and the dashed 
curve indicates a smooth confining potential V{x). For current to flow 
in the sample, empty states must exist at the Fermi energy. Since all 
states below Ep  are occupied, it can be seen from Fig.3.6 tha t unless 
the magnetic field is such that Ep  coincides with a Landau level in the 
centre of the sample, free states at Ep  only exist where it intersects 
with a Landau level at the edge of the sample. Thus current in the 
2DES is carried by a set of one-dimensional (ID) states known as edge
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F
N=3
F ig u re  3 .6 : Landau level dispersion in a 2DES with a smooth confining
potential V(x) (dashed line) as a function of the orbit centre xo. x\ and X2 
are the physical boundaries of the sample where the confining potential tends 
to infinity. The black dots indicate the position of free states at the Fermi 
energy Ep
states or edge channels near the sample boundaries. Classically these 
edge sta tes correspond to paths in which the electrons skip along the 
sample boundary, colliding elastically with the edge potential (so-called 
skipping orbits sketched in Fig.3.7a)). Note th a t the centre of mass of 
the electron wave function remains within the sample, even for orbit 
centres th a t lie beyond the boundary.
The m otion of electrons in edge channels can be characterised by a
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a. b.
F ig u re  3 .7 : a) Current Bow via skipping orbits at the edge of a sample
in a high magnetic held. Orbits in the centre of the sample are localised in 
the quantum Hall plateau regimes, b) Edge state paths in a Hall bar with 2 
occupied Landau levels. The direction of the carrier motion is indicated by an 
arrow head on each channel.
group velocity vy in a direction along the sample, where
_  1 dE _  1 d E  1
y h d ky h 8x
From Eqn.3.32 it is clear th a t electrons on opposing sides of the sample 
will have velocities with opposite signs. For each ID channel, the density 
of sta tes in k —space d n / d k  =  1/27T. The DOS can be expressed in term s 
of energy as
_  d n _  (_  J _
1D dE d ’
Fig.3.7 b) shows a sketch of the edge channel paths on a  Hall bar with 
two current contacts (1 and 4) and two voltage probes (2 and 3). In 
the  absence of scattering, Eqn.3.32 and 3.33 can be used to express the
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current flowing between two contacts (for example 1 and 2) in terms of 
their electrochemical potentials p\  and /Z2,
•/i2
Di nl)..// P —
h
P -  eh ,2 =  e /  w vydE  =  - ( j t2 -  w )  (3.34)
J U1
A generalisation of Eqn.3.34, which is important for an understanding 
of how the edge state model can explain the quantum Hall effect, was 
proposed by Biittiker [46], who included the idea of reflection and trans­
mission of the ID channels at each contact. The Landauer-Biittiker 
formalism for a single contact i is written in terms of ra, the probability 
of a channel being reflected from contact i back to contact i and fyy, the 
probability of the channel being transm itted from another contact j  to 
contact i. For M  ID channels the formula for the current flowing in 
contact i is
I - -h (3.35)
For the quantum Hall effect regime, where Ep  ^  Ei 4* (N  +  ^)hcjc, 
the absence of free states near Ep  in the bulk of the sample leads to 
a suppression of scattering (termed back scattering) between opposite 
edges of the sample. For this case, ru =  0 and tij =  1. Returning to 
the Hall bar in Fig.3.7b), contacts 2 and 3 are voltage probes, hence 
I 2 =  Z3 =  0 whereas for the current contacts, I\ = —I±. The Hall 
voltage Vff = V2}3 can be written as the difference in the electrochemical 
potentials of contacts 2 and 3, i.e.
F2|3 =  w ~ /f2. (3.36)
e
Using Eqn.3.36 for two occupied Landau levels gives the currents
h  -  ~ h  =  ^0 * 3  “  ^ 2)- (3.37)
Thus the Hall resistance is quantised,
# 2,3 =  (3.38)
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at all values of the magnetic field where back scattering is suppressed. 
Therefore the quantised value of the Hall plateaus and their finite width 
are explained. When Ep  lies in the centre of a Landau level in the bulk, 
the conditions ra =  0 and tij =  1 no longer hold, since free states exist 
a t Ep  across the sample and backscattering can occur. This corresponds 
to the dissipative regime, between the plateaus.
Although experimental and theoretical support for the edge state 
picture of the quantum Hail effect is widespread, a definitive experiment, 
proving th a t current only flows at the edge of the sample has not been 
published to-date [47]. A number of authors have given very complete 
reviews on the subject [47-49]. Chapter 8 gives a detailed account of 
how tunnelling experiments can be used as a probe to study edge state 
transport in a 2DES.
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4 Sam ple Fabrication
4.1 In trodu ction
In the 1950’s and 60’s, the early commercial semiconductor industry  was 
based on macroscopic electronic devices with typical device dimensions
A o
being in the range of 10” -10-  m. Electron transport effects were there­
fore dom inated by bulk crystal phenomena and much of the research 
effort a t the  tim e was devoted to producing structures with a higher 
crystal purity. W ith  the advent of sem iconductor m icrostructures and 
integrated circuit technologies in the early 1970’s, improvements in m a­


















F ig u re  4 .1 : Outline of the processing steps involved in the fabrication of
lateral quantum tunnelling devices.
techniques and a  consequent rapid reduction in feature sizes which has 
continued until the  present day.
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Although microstructures with device dimensions in the range of 
10-7-10-4m now dominate the semiconductor marketplace, researchers 
have become increasingly interested in semiconductor nanostructures 
which have made possible the observation of many quantum phenom­
ena, and have the potential to revolutionise the electronics industry. A 
number of very comprehensive reviews have been written on both the 
lateral patterning and crystal growth of semiconductor devices with di­
mensions in the nanometre (10-1°-10_ /m) range. The following chapter 
attem pts to summarise both the principles of the most important tech­
nologies used in the fabrication of lateral quantum tunnelling devices 
and the process parameters used for various devices. Fig.4.1 gives a 
brief outline of the processing steps involved, starting from the crystal 
material which was grown in-house by Prof. K. Ploog and co-workers 
(see Acknowledgements).
4.2 M odulation D oped H eterostructures Grown by M BE
Modulation doped semiconductor heterostructures play an important 
role in many areas of high speed electronics, the most common example 
of which is the high electron mobility transistor (HEMT) used as a GHz 
amplifier in domestic satellite receivers. The high frequency performance 
stems from the ultra high electron mobilities achievable in semiconduc­
tors where the electrons are spatially separated from their parent donors. 
Although for reasons of cost the majority of commercial structures are 
grown by metal-organic-chemical-vapour-deposition (MOCVD), molec­
ular beam epitaxy (MBE) generally provides the best crystal quality 
(see [2] for a review) and is thus used for the growth of most research 
devices.
Crystal growth by MBE occurs via the thermal evaporation of the re­
quired chemical constituents in an ultra high vacuum environment. Each 
gaseous component is produced as a beam of atoms and/or molecules,
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directed at a heated, crystalline substrate. Careful control of each beam 
by means of a blanking shutter allows the growth of crystal structures 
both with a very exact chemical content and a precision in thickness of 
one atomic layer or better. Such precise control is invaluable for the 
growth of semiconductor heterostructures where crystal and interface 
quality is of paramount importance.
The devices described in the following chapters, were all fabricated on 
modulation doped GaAs/AlGaAs heterostructure samples taken from a 
single, MBE grown wafer (No. 8134). The heterostructure was grown 
on a semi-insulating (SI) GaAs substrate wafer with a [100] crystal 
orientation. The MBE growth sequence consisted of a 2pm un-doped 
GaAs buffer followed by a 25nm un-doped AlxGai_xAs spacer, a 58nm
ip o t
~  1 X  10 cm Si doped AlxGai_xAs layer and an lln m  un-doped 
GaAs cap. The A1 mole fraction x  was 0.3 which gives a conduction 
band energy offset between GaAs and AlGaAs of approximately 300meV 
[50]. The mobility and carrier density of the 2DES at a temperature of
• • • •  O i l4.2K without illumination were approximately 600000cm V s and
i i___ _o
2.5 x 10 cm respectively.
Although MBE produces extremely pure semiconductor material, 
background impurities such as carbon and oxygen are generally present. 
This background doping plays an important role in the potential energy 
profile of a structure and may also influence the transport properties of 
the 2DES [36]. Although the exact concentration of background impu­
rities is difficult to determine, values in the region of 1 X  1014cm-3 are 
generally assumed [51]. Fig.4.2 shows a sketch of the heterostructure 















F ig u re  4 .2: a) Schematic diagram of the crystal layers of a modulation
doped GaAs/AlGaAs heterostructure. The n-type AlxGa\-xAs layer is Si 
doped with a density of roughly 1 x 1018 cm~3. The rest of the sample is not 
intentionally doped but a background impurities are assumed to be present 
with an estimated density of 1 x 1014cm-3, b) Sketch of the conduction band 
edge energy E c b  a n d  the valence band edge energy E v b  f ° r  the sample in the 
growth direction z. The Fermi level Ep is indicated by the dashed line and 
the forbidden energy gaps for the materials by E q a p  •
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4.3 Sam ple P reparation
4 .3 .1  L ith o g ra p h y
Since the in troduction of the first integrated circuit technologies in the 
early 1970’s, the m ost successful tool for defining sem iconductor mi­
crostructures has been photolithography [52]. Using wavelengths in ei­
th er the  ultra-violet or X-ray regimes, structures are defined by project­
ing photons through a mask containing the required geometrical pa ttern  
onto a  radiation  sensitive resist covering the wafer (sketched in Fig.4.3). 
Development using a  chemical solution removes the resist in either ex­
posed or un-exposed areas (depending on w hether the resist is of a pos­
itive or negative type) and then resist free regions can be structured  by 
for example etching or by m aterial deposition.
Owing to  diffraction effects however, photolithography has a reso-
UV Light 
Chromium on Glass Mask 
Photoresist 
Sample
F ig u re  4 .3 : Expanded view of photolithography using a simple contact
mask
lution limit of around lOOnm [53] which in many cases is too large to 
observe quantum  effects. Feature sizes can in principle be reduced by 
the use of short wavelength radiation (such as X-rays) but here the lim­
iting factor is the  availability of suitable optical systems.
A substantial improvement in lithographic resolution can be obtained
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by using electrons rather than photons as the exposing radiation. Elec­
tron beam lithography (EBL) technology has advanced rapidly over the 
last decade and is now used extensively in both the writing of high qual­
ity masks for photolithography, and more importantly for this work, for 
the fabrication of devices on the nanometre scale.
The principle of EBL is different to tha t of photolithography in that 
structures are written sequentially using a thin electron beam (usu­
ally a  few nanometres in diameter) rather than exposed simultaneously 
through a large mask. The electron resist generally consists of an or­
ganic polymer in which impacting electrons cause either the breaking or 
forming of bonds (again depending on whether the resist type is positive 
or negative), thus rendering the exposed areas more soluble in the devel­
oping solution. The major drawback with EBL lies in the time required 
to sequentially write large structures, hence its most common industrial 
application in the writing of one-off masks for photolithography.
However, for the fabrication of research orientated nanostructures, 
the tiny electron wavelength and high quality of electron optical systems 
make EBL an ideal tool. The most common hardware used for EBL is a 
scanning electron microscope (SEM) in which the scan coils are used to 
move the highly focussed electron beam in the desired pattern. Although 
the electron beam in a SEM can be routinely focussed to a diameter of 
less than 5nm, the limiting factor for EBL resolution is the area of resist 
in which the electrons dissipate their energy. Electrons incident on the 
resist undergo a number of scattering processes, some of which can cause 
exposure in regions adjacent to the primary beam; the so called proxim­
ity effect (explained in Fig.4.4). A range of scattering mechanisms are 
involved, the most important being backscattering of electrons from the 
semiconductor itself1 which can cause proximity exposure at a range of
1In addition to backscattering, proximity exposure is caused both by forward scat­
tering of the primary beam in the electron resist, and by low energy secondary electrons 















F ig u re  4 .4 : Schematic representation of the electron scattering processes
contributing to the proximity effect, a) shows how in a single written feature, 
the minimum dose for exposure D is reached over an area d2  much wider than 
the diameter of the primary beam dl. b) illustrates the way the proximity 
effect will tend to cause two features written close to one another to merge. 
Typically, this becomes a serious problem for features separated by less than 
lOOnm
a few microns. Some contribution from the proximity effect in EBL is 
usually unavoidable, particularly when working in the sub lOOnm range 
where scattered electrons simply broaden w ritten  features. Optim isa­
tion of the  electron optics, resist thickness and electron dose (the to ta l 
num ber of electrons incident per unit area) can reduce the effect and 
indeed feature sizes of less than  lOnm have been achieved with EBL
[53].
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4.3 .2  M icrostructuring U sing Photolithography
All the measurements described in the forthcoming chapters were per­
formed on devices patterned on samples with standard Hall bar geome­
tries. As a first step in sample preparation, 5mm square chips were cut 
from the MBE wafer using a diamond scriber. During cutting, the wafer 
surface was protected from dust and debris with a thick layer of photo­
resist which was subsequently dissolved away in acetone. Throughout 
the entire fabrication process, the samples were kept clean by regular 
washing with acetone in an ultrasound bath and by careful handling in 
a clean environment.
The Hall bars and Ohmic contacts were defined using the scheme 
outlined in Fig.4.5. Each lithographic step used a Shipley S1818 photo­
resist spun onto the sample to a thickness of roughly 500nm and baked 
at 80°C for 20 minutes. The resists were exposed with U-V light for 
approximately 30 seconds through a mask in direct contact with the 
sample. A 1:3 ratio of Shipley Microposit MF312 to water was used as 
a developer with development times of approximately 60 seconds.
Where processing stages involved metal deposition (either for con­
tacts or gate fingers), the samples were immersed in chlorobenzene (C6H5CI) 
for 10 minutes after exposure and left to stand in air for 2 hours. This 
treatm ent produces a thin, hard crust on the photo-resist surface which 
dissolves more slowly than the softer under-layer during development. 
The resulting undercut in the resist is an important aid to “lift off” of 
excess metal after the evaporation process [54].
Contacts consisting of a 200nm layer of a Au/Ge alloy followed by a 
40nm Ni layer were deposited on the samples using a thermal evapora­
tion system and lift-off of the excess metal was achieved using acetone 
in an ultrasound bath at 80°C. Electrical contact to the 2DES was pro­
duced by thermally annealing the sample at 450°C for 2 minutes in a 
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im purity  in I I I /V  sem iconductors) into the sample surface, which serves 
to  reduce the  w idth of the Schottky barrier between m etal and semicon­
ductor to  such an extent th a t  its electrical properties are approxim ately 
Ohmic [55]. To complete the  Ohmic contacts, bonding pads were de-
a) b)
-r-m
F ig u re  4 .6 : a) Optical micrograph of a completed Hall bar sample used for 
quantum trench devices, b) Optical micrograph of the Hall bar geometry used 
for gated devices. The gate fingers are positioned between each pair of Hall 
bar legs. On this sample the gates themselves have already been evaporated 
onto the Hall bar surface.
posited to provide a stable layer for wire bonding. These consisted of a 
th in , 30nm layer of Cr which acts as an adhesive film for a subsequent 
2 0 0 nm layer of Au.
Different Hall bar mesas were electrically isolated on the chip by wet 
chemical etching. A solution of H2 0 :H2 0 2 :H2S0 4  in the ratio 1000:8:1 
was used as the  etchant, which a t a tem perature of 3°C  has an etch
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rate of ~  lOnm/min. A relatively shallow etch depth of 200nm was 
chosen (c.f. 2DES depth of ~lOOnm) so tha t the lOOnm thick electron 
resist layers, applied in subsequent EBL processing would be continuous 
over the edges of the Hall bars. Fig.4.6a) is an optical micrograph of a 
completed Hall bar sample, used as a basis for quantum trench devices. 
The second completed Hall bar structure shown in the micrograph of 
Fig.4.6b) was used for devices with gates.
4.3.3 N anostructuring U sing Electron Beam  Lithography
After the completion of ail Hall bar microstructuring, the samples were 
covered in a lOOnm thick layer of a PMMA (poly-methyl-mecryl-acetate, 
molecular weight 95000) electron resist. The resist layers were spun 
on in a two-stage process, using both viscosity and rotation speed to 
control the thickness. Two drops of PMMA diluted to a ratio of 1:40 
(PMMA:chlorobenzene (C6H5CI)) were applied to the stationary sam­
ple using a 5cl medical syringe. The sample was then rotated at at a 
speed of 3000 r.p.m for 5 seconds during which a further two drops were 
added. The rotation speed was then increased to 8000 r.p.m for a further 
30 seconds. Finally, the samples were baked at 160°C for 60 minutes to 
ensure complete evaporation of chlorobenzene. Resist thicknesses were 
measured using a Dektak step profiler on a small scratch made in the 
resist and typically varied by less than lOnm. As a rule of thumb, the 
resist appears light blue for thicknesses around lOOnm.
4.3 .4  E lectron Beam  Lithography U sing a Scanning Electron  
M icroscope
Fig.4.8 shows a schematic diagram of the apparatus used for EBL. The 
system is based on a Hitachi S2300 SEM with a heated tungsten fila­
ment cathode, a beam energy of 25kV and a minimum beam diameter of
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4nm. The beam  position during writing is controlled by the microscope 
scan coils which are in tu rn  controlled by a m icrocom puter via a D /A  
converter. “ELPHY3” from Raith Gmbh is used as controlling com puter 
software. An im portan t feature of the system is a beam  blanking lens 
m ounted ju st below the electron gun which deflects the beam  from the 
sample when moving between features on the writing field, preventing 
unintentional exposure.
For writing, samples were m ounted on an aluminium block and held 
w ith copper clips to  ensure a good earth  contact. A working distance of 
10 mm allowed high microscope resolution with a depth of focus greater 
th an  the sample height variation over the (1 00p m )2 w riting area. S truc­
tures were w ritten  with a beam  current of 5pA, measured with an elec­
trom eter via a Faraday cup probe prior to exposure.
To correct for proximity exposure the electron dose was varied over
5 10 30
Doses: a=150
Dimensions in pm  b-200
Doses in pCcm2 C—tOl)
d=400
F ig u re  4 .7 : Typical dose pattern for quantum trench diode
the w riting field. Although advanced software packages exist for the 
calculation of dose correction schemes, a  m ethod of tria l and error on 
GaAs tes t samples was found to be a more efficient approach to the 
problem. Fig.4.7 shows a typical dose pattern  for a 5pm wide lateral 




















F ig u re  4.8: Schematic diagram of the EBL apparatus. The system uses a 
tungsten heated filament as an electron source with an accelerating voltage of 
25kV. Further details of the system are described in the text and in [39].
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of the quantum trench/gate region are designed to confine the electron 
transport to the central 5/xm of the Hall bar. Extreme care was taken 
with the writing of the trench/gate feature to obtain the minimum pos­
sible line width. The region was exposed by scanning the electron beam 
twice along the same coordinates. The electron dose was chosen to just 
expose the line, i.e. to include the minimum possible amount of line 
broadening from scattered electrons (see Fig.4.4). Even so, owing to 
the absence of proximity exposure of the lines from other neighbouring
o •
regions, large electron doses in excess of 500/xCcm were required to 
completely expose the channel.
The exposed samples were developed in an slowly stirred solution 
of MIBK (methyl-iso-butyl-ketone) and propanol in the ratio 1:3 for 65 
seconds. A 60 second dip in propanol was used as a fix.
4 .4  F ab rica tion  o f  Q uantum  Trench D io d es
Reproducible, uni-directional etching techniques are a basic requirement 
for the controllable etching of semiconductor crystals on a nanometre 
scale. In the following section, wet chemical and dry reactive ion (RIE) 
techniques are compared and and contrasted as a method for etching 
quantum trench devices.
4.4.1 Wet Chemical Etching
For wet chemical etching, a solution of H2O, H2O2 (30% concentrated) 
and H2SO4 (96% concentrated) in the ratio 1000:8:1 was used at a tem­
perature of 3°C. During etching, the samples were immersed in the so­
lution on a small glass cradle and the solution stirred with a magnetic 
stirrer a t a rate of 200 r.p.m. The solution temperature was controlled 
to an accuracy of ±0.1°C by using a jacketed reaction vessel through 
which glycol from a constant temperature bath was pumped. Care was
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taken to shield the glass vessel from light, which initialises the break­
down of H2O2 to H2O and O2 and can affect the etching rate  over typical 
solution preparation, cooling and etching times of roughly one hour. A
a) b)
0 0 0 0 0 4  20KV * 5 0 .  0K 0 . 60urn 0 0 0 0 0 4  20KV X 5 0 . 0 K  0 . 6 0 um
F ig u re  4 .9: SEM micrographs of quantum trenches, etched using the
H2 0 :H2 O2 .H2SO4 system. The jagged walls of the channel in a) indicate a 
strong crystal orientation dependency in the etching rate whereas the breaks 
in the line on b) are probably the result of a badly developed electron resist
range of etch ra te  tests were performed on both  GaAs substrate m a­
terial and GaAs/AlGaAs MBE m aterial using optically defined mesas 
with feature sizes of the  order of 10pm. The etch depths were m ea­
sured with a Dektak step profiler and indicate roughly the same etch 
rate  of 10 =b ln m /m in , for both  m aterials. For these feature sizes the 
technique is an efficient and highly reproducible m ethod of etching the 
GaAs/AlGaAs m aterial system.
Wet etching techniques seem however to be unsuited for structures 
with dimensions in the sub-m icrom eter range. Fig.4.9a) and b) show
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SEM micrographs of two ~  70nm wide quantum trenches, etched to a 
depth of roughly 50nm using the above method. The left hand micro­
graph clearly shows an intrinsic drawback of wet etching on this feature 
scale, namely that the etch rate is highly dependent on the crystal ori­
entation and that undercut will occur and tend to follow the easiest 
path. Such an inhomogeneous trench profile is clearly not suitable for 
producing high quality devices. Problems were also caused wherever 
small areas of electron resist in the channel remained after developing. 
Fig.4.9b) shows an SEM micrograph of such a case where resist pro­
tected areas have caused clear breaks in the etched line. The frequency 
of the breaks was reduced by treating the whole sample with an O2 resist 
oxidation plasma for a few seconds after development in an attem pt to 
clean out the channel, but this also tended to increase the line-width by 
more than 50%.
4.4.2 R eactive Ion Etching
The crystal orientation dependency and undercut properties shown by 
wet chemical etching techniques are to a large extent overcome by RIE. 
RIE is essentially a uni-directional process where the sample is etched 
by an ion plasma, generated from a basis gas by an RF field applied 
between two plate electrodes. During etching, the sample sits on the 
lower of the two plates, and a DC electric field between the electrodes 
accelerates positive ions towards the sample surface. The etching mech­
anism comprises of both a mechanical milling component and a chemical 
reactive component. The mechanical component is desirable in tha t it is 
uni-directional, but undesirable in that it can damage the crystal struc­
ture under the etched region if the accelerating voltage is too high. The 
chemical component on the other hand causes no structural damage, but 
is responsible for some undercut during etching.
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An LE301 RIE system from Leybold Hereus was used in the experi-
a) b)
x60k 0009 25 kV 500nm
F ig u re  4 .10 : Electron micrographs of a quantum trench diode, reactive
ion etched onto a GaAs test sample.
ments with a SiCLj gas. The process used a DC bias of 140V, a gas flow
 o
rate  of 31sccm and a  chamber pressure of 10 m bar which combine to  
give an etch rate  of approxim ately 80nm /m in. Full details of the RIE 
m ethod are given in [56].
Etching depths for the trenches were inferred from depths m easured 
on large mesas, optically defined on GaAs test samples which were etched 
simultaneously. This m ethod produces only a rough approxim ation to 
the real depth since the scavenging of reacted components from the 
nanom etre scale trenches is almost certainly inefficient compared to the 
large mesas and will decrease the local etch rate. This point is discussed 
more fully in C hapter 5.
Fig.4 .10a) and b) show SEM micrographs of a reactive ion etched 
quantum  trench diode a t both  low and high magnification. The quality 
of the trench profile is immediately apparent and is highly reproducible 
between different samples and etch runs. The width of the trench, which 
is of the  order of 40nm is also impressively small and is approaching the
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minimum possible value imposed by the proximity effect a t electron en­
ergies of 25kV.
An interesting by-product of RIE was the apparent deposition of tiny
a) b)
F ig u re  4 .11: a) Reactive ion etched quantum trench with carbon contam­
ination on the etch walls, b) after treatment with conc. H2SO4
ridges along the sides of the trench, clearly visible in Fig.4.11a) which 
shows a  m icrograph of a quantum  trench on a cleaved GaAs test sample. 
Although no a ttem p t was made to chemically analyse the deposited m a­
terial, it is probably a  carbon based polymer sputtered from the PMMA 
resist a t the edge of the trench and insoluble in the M IBK /propanol 
developer. It was found th a t the  ridges could be removed by immers­
ing the sample in conc. H2SO4 in an ultrasound bath  for 30 seconds, 
and a micrograph of the same sample after such treatm ent is shown in 
Fig.4.11b).
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4.5 Fabrication o f G ated  Lateral T unnelling D ev ices
The optical lithography scheme for gated devices involved a th ird  pro­
cessing step to define the gate fingers for wire bonding. Fig.4.12 shows a 
sketch of a typical gated Hall bar, on which the gate fingers (consisting 
of a 30nm C r/200nm  Au layer) were therm ally evaporated on the mesa 
etched substrate  of the sample and positioned to bisect pairs of Hall bar 
legs. An optical micrograph of a completed sample is shown in Fig.4 .6  




Figure 4.12: Sketch of a Hall bar with gate fingers bisecting pairs of Hall 
bar legs.
process described above with a geometry similar to th a t shown in Fig.4.7. 
The use of extremely thin gate layers was necessary in order to achieve 
successful m etal lift-off with such a thin (lOOnm) electron resist layer. 
The m etal layers (lOnm C r/25nm  Au) were deposited in a therm al 
evaporator, using a particularly slow evaporation rate  (~  0.5As_1 c.f. 
~  3A s-1  for optically defined contacts) in an a ttem p t to reduce the  
droplet size of the evaporated m etal and produce a more homogeneous 
layer.
Fig.4.13 is an electron micrograph of a single gate on a GaAs test sam-
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x60k 0065 25KV 500nm
F ig u re  4 .13: Scanning electron micrograph of a single gated diode on a
GaAs test sample. The gate is approximately 50nm long and 5pm wide.
pie. Although a t ~  50nm the gate is very slightly wider than  the etched 
quantum  trenches, it is still within the dimensions necessary to produce 
a  narrow tunnelling potential barrier in the 2DES. Furtherm ore, gates 
of this scale and quality were quite straightforward to reproduce on dif­
ferent samples with an overall yield of roughly 75%.
Some previous work has suggested th a t the current leakage character­
istics of other gated devices are improved by evaporating onto a cooled 
sample. The cooling is intended to reduce the diffusion rate  of m etal 
into the sample during evaporation thus ensuring the existence of a wide 
Schottky barrier a t the surface under the gate. Evaporation tests were 
therefore made on GaAs substrate  m aterial, cooled to liquid nitrogen 
tem perature (—196°C). The resulting gates were however unacceptably 
wide (>  lOOnm) and inhomogeneous compared to those evaporated a t 
room tem perature, which was a ttribu ted  to a distortion of the electron 
resist profile occurring near the  channel due to a strong contraction of 
the PMMA at low tem perature.
Fig.4.14a) and b) show electron micrographs of a dual gated device 
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F ig u re  4 .14: Scanning electron micrographs of a dual gate lateral tun­
nelling diode, fabricated on a GaAs test sample. The gates are approximately 
50nm long and 60nm apart
of proximity scattering during EBL make the writing of such structures 
significantly more difficult than  for single gates. Particular problems 
included achieving complete m etal lift-off in the gap between the gates, 
and preventing breaks occurring a t the point where they join the iso­
lating triangular regions. In a successful effort to overcome this second 
problem, the gates were made slightly thicker a t each end which can be 
clearly seen on Fig.4.14.
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5 Characterisation Experiments on Quantum Trench 
Tunnelling Diodes
5.1 In tro d u ctio n
Significant progress has been made in recent years on the physics and 
technology of lateral tunnelling in 2D electron systems. The majority 
of devices reported to-date have used reverse biased Schottky gates to 
induce narrow potential barriers in the plane of a 2DES confined at the 
interface of a GaAs/AlGaAs modulation doped heterostructure. This 
technique has allowed the realisation of a range of different devices, 
from simple single barrier diodes [57], through to resonant double bar­
rier devices [58,59] [Chapter 7 of this thesis] and even three terminal hot 
electron transistors [60]. In addition to providing a sensitive probe for 
studying the physics of the 2DES, lateral devices also have the potential 
for ultra-high frequency applications (up to ~2THz with current tech­
nologies) owing to their tiny capacitances (< 5Ff) and series resistances 
100f2) [7,61] . Commonly proposed applications include microwave 
mixer diodes and high frequency oscillators and current amplifiers.
In this chapter, data is presented on a novel type of lateral tunnelling 
device with the potential for enhanced, ultra-high frequency operation.
The device is fabricated by etching an extremely thin quantum trench 
into the surface of a heterostructure in place of the conventional Schot­
tky gate. The etching introduces a large density of surface states in 
closer proximity to the 2DES in the region of the etch and the subse­
quent band bending represents a tunnelling barrier to 2D electrons in 
the plane. This technique offers significant advantages over devices em­
ploying Schottky gates. Firstly, the barrier profile of a gated structure 
is to a far greater degree dependent on the applied bias voltage due to 
the need to reference the gate potential to either the emitter or the col­
lector (see Chapter 7). Consequently their I-V  characteristics lose their
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antisym m etric behaviour and can display current saturation  effects due 
to pinch-off. Such effects are not present in trenched devices which may 
prove advantageous for studying the physics of lateral transport through 
a narrow barrier.
Secondly, and more im portantly  for device applications, gated struc­
tures suffer from parasitic capacitances between the gate and em it­
ter/collector which inevitably degrade high frequency performance. Such 
capacitances are not present in trenched structures which should exhibit 
enhanced frequency performance, in particular for mixer applications. In 
addition, trenched devices have the practical advantages being far more 
robust and of having inherently fewer contacts than  those with gates. 
All these points however, are a t the expense of losing the continuous 
tunability  of the barrier potential available with gated devices, although 
it should be noted th a t such tunability  is also not possible with the ma­
jority  of commercially available devices based on vertical transport.
Fig.5.1 shows a sketch of a typical quantum  trench diode in which
40nm
GaAs Trench






F ig u re  5.1: Schematic diagram of a quantum trench device, showing the
position of the trench and the transport direction.
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the  trench is positioned to bisect two contact pairs of a  Hall bar. Full 
details of the  fabrication process are given in C hapter 4.
In the  absence of scattering, current flow through single barrier diodes 
can occur via three main transport mechanisms. At zero tem perature, 
only electronic sta tes up to the Fermi energy E p  are occupied and thus 
tran sp o rt can only occur via tunnelling into em pty sta tes on the other 






F ig u re  5 .2 : Schematic illustration of the energy dependent transport mech­
anisms possible in single barrier diodes. To the left of the figure is a sketch of 
the energy distribution of electrons in the Fermi sea at finite temperature.
of occupied sta tes exist above E p  which are described by an occupation 
probability
f ( E )  =  i  +  ( 5 ‘1}
where k is B oltzm ann’s constant. Electrons from these higher energy 
sta tes may either tunnel through the upper parts of the barrier (ther­
mally assisted tunnelling) or if they possess sufficient energy, simply pass 
over the top (therm al activation). The three transport mechanisms are 
sum m arised in Fig.5.2. By using the appropriate tem perature  and bias 
voltage conditions, it is possible to study current dom inated either by 
tunnelling or by therm ally activated transport, in order to obtain infor­
Characterisation Experiments on Quantum Trench Diodes 70
mation about the potential barrier.
The following sections describe characterisation experiments which 
were performed on a range of quantum trench devices. Note tha t the 
experimental methods described apply to the measurements made not 
only in this chapter, but throughout the thesis.
5.2  C urrent-V oltage M easu rem en ts
5.2.1 Experim ental Techniques
The majority of the experiments on lateral tunnelling devices described 
in the following chapters use a constant voltage, two-terminal method to 
measure either the current I  as a function of the bias voltage V  (the /- V 
characteristics), or the differential conductivity d l /d V , as as a function 
of V. The I- V  characteristics were obtained by applying a DC voltage 
across the two sample contacts and measuring the resulting DC current. 
d l /d V  was measured using an AC technique which is described below. 
For the characterisation of gated diodes (Chapter 7), the gate voltage 
Vqd was used as an additional variable parameter.
Fig.5.3 shows a schematic diagram of the electrical circuit used for 
the characterisation of devices. The principle of the system is as follows; 
using a voltage follower circuit as a voltage adder, a voltage signal con­
sisting of DC (V ) and AC (dV ) components is applied to the emitter 
contact of the sample. The collector contact is grounded via a current 
amplifier (Ithaco model 1211) with a minimum current sensitivity of 
IpA. Depending on the amplification range chosen, the drain sees a re­
sistance of between 20 and 600f2 to ground.
A Hewlett Packard (model HP3325B) function generator was used to 
supply the sweepable DC component V  of the applied voltage. Using a 
sawtooth waveform, and a frequency in the range 10-3 — 10-4Hz, (ramp 
time ~1000 seconds for a single branch of the sawtooth) this system 
has the advantage of providing a low-noise, continuously variable signal
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F ig u re  5 .3 : Experimental set-up for characterisation measurements. An
explanation of the system is given in the text. E and C indicate the emitter 






which is simple to  control via the HP-IB bus. The resulting DC compo­
nent of the  current, given as a  voltage signal by the current amplifier, 
was m easured w ith a digital m ultim eter (model Keithley 230). Different 
bias voltage ranges were obtained using a potential divider a t the volt­
age follower ou tpu t. (R 1 and R2 on Fig.5.3)
The differential conductivity d l /d V  was m easured using a standard  
AC lock-in technique. The AC component of the voltage applied to  the 
em itter (dV  ~  50/4 V f=13Hz) was provided by an RC generator (model 
Philips PM 5109). Using the lock-in amplifier (model EG&G 5210) to
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detect the AC voltage signal from the current amplifier, produced at the 
same frequency, provides a value dVf oc dl. From this AC signal, it is 
simple to deduce the differential conductivity d l/d V .
Care was taken to define only a single electrical earth for the measure­
ment system via the steel cryostat and earthed pumping systems beyond. 
The mains earth was removed using 1:1 AC transformers and voltage 
spikes from the mains network were smoothed with a 50Hz band-pass 
filter. The whole measurement system was controlled with a Hewlett 
Packard HP3000 series computer using BASIC, via an HP-IB, IEEE 
compatible data-bus. An optical fibre data-bus link was used to avoid 
electrical contact between the computer and the measurement circuit.
Low temperature measurements were performed in an Oxford Instru­
ments liquid helium (Li-He) bath cryostat (temperature range 1.5-4.2K) 
with a superconducting solenoid magnet (field range 0-12T). Lower tem­
perature (0.022K) measurements were made in a dilution refrigerator 
and are discussed in Chapter 7
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5.2.2 I -V  C h arac te ris tic s
C haracterisation experiments were made on 5 quantum  trench diodes 
(referred to  in the  following as A, B, C, D and E) with estim ated trench 
depths of 14, 28, 34, 40 and 50 nm respectively (see Section 5.4.1). 
Fig.5.4 shows I- V  characteristics for the five devices a t a tem perature of
F igu re  5.4: I-V characteristics for devices A-E at 4.2K in the dark. Inset
shows A and B on an enlarged scale.
4.2K in the dark. Devices B, C, D and E display extremely non-linear 
behaviour w ith very sharp measurable current onsets. This non-linear 
behaviour, together with the absence of leakage currents a t low bias, are 
indicative of a homogeneous barrier potential, where the tunnel current 
would be expected to be approxim ately exponentially dependent on the 
applied voltage. The characteristics are antisym m etric, and increasing 
the  dep th  of the  trench clearly results in a strong increase in the size 
of the potential barrier, with a  consequent suppression of the tunnelling 
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tion which is less than the Fermi energy and hence no tunnelling barrier 
is evident. At very high bias, the devices display a slow decrease in the 
differential conductivity which is discussed more fully in Chapter 6.
The device characteristics were highly reproducible over typical mea­
surement periods of a few days, and seemed largely insensitive to any 
small electrical shocks received through the measurement apparatus. 
Temperature cycling (i.e. warming to room temperature and re-cooling 
to 4.2K) caused changes in the position of the measurable current onset 
of roughly ±20%.
Numerical calculations, outlined in Chapter 6, indicate tha t the tun­
nelling barrier potential is highly sensitive to the concentration of ionised 
donor impurities present in the doped AlGaAs layer of the heterostruc­
ture. Measurements performed by Schubert et al. [62] indicate that 
depending on Al content, the majority of Si donors in AlGaAs reside in 
deep states in the energy gap known as D-X centres. The D-X centre is 
believed to consist of a Si donor which undergoes a distortion from its 
substitutional site, resulting in a broken bond. (A complete review of 
the properties of D-X centres is given in [63]). The occupation proba­
bility of D-X states is strongly temperature sensitive, with an activation 
temperature of roughly 150K and therefore at liquid He temperatures, 
the occupation distribution is roughly static.
The changes that occur in the diode characteristics with tempera­
ture cycling are consistent with this picture of a temperature sensitive 
ionised impurity distribution which will be redefined with each cooling 
process. In addition, what appears to be an undesirable effect can be 
used to tune the properties of the device, once cold.
Ionisation of D-X states at low temperature can occur via photo­
excitation, upon which the electron is given up to the 2DES at the 
GaAs/AlGaAs interface (see Fig.5.5). Re-capture then requires a multi- 
phonon scattering process which is strongly suppressed at low tempera­




F ig u re  5.5: Schematic diagram of the band profile of a heterostructure,
indicating the mechanism for DX centre ionisation.
ionised donor concentration and an increase in the density of electrons in 
the 2DES. Because the re-capture process is so slow, the la tte r  effect is 
generally term ed persistent photo-conductivity and has been the subject 
of a great deal of experimented investigation [64,65].
Device C was illum inated with single short pulses from a GaAs infra­
red light em itting diode (LED) a t a tem perature of 4.2K. Each pulse was 
found to cause a very sharp increase in the current flow a t constant bias 
voltage, followed by a slower reduction (over a period of seconds) to  a 
value still many orders of m agnitude greater than  the original. Fig.5.6 
shows the resulting relaxed I- V  characteristics a t each stage of illumina­
tion, from a single 1ms pulse through to continuous illumination.
The increase in the conductivity of the device after illum ination is 
probably due to a combination of an increased ionised donor concen­
tra tion  Nf) in the doped AlGaAs layer, and an increased 2 D electron
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F ig u re  5 .6: I-V characteristics for device C under illumination. The pulse 
length was lms for the first 4 curves, increasing to 10ms (indicated) and finally 
continuous illumination.
density n^p. Numerical calculations from C hapter 6 indicate th a t donor 
charges in the AlGaAs layer tend to screen the 2DES from the potential 
a t the etched surface, and th a t even small increases in the ionised donor 
concentration can result in a very strong decrease in the m agnitude of 
the tunnelling barrier. W ithin this picture, a  large increase in the tu n ­
nelling current would be expected, even with slight illum ination of the 
device. Increases in n^D will also act to reduce the effective barrier height 
since the Fermi energy will increase. Given however th a t illum ination 
causes changes of ~  50% in ri2/), the change in E p (E p  oc u^d ) will only 
be of the order of a few meV. Although the transm ission coefficient is 
exponentially dependent on the position of E p , it is difficult to  see how 
a relatively small change, compared to a barrier height of 50meV (see 
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current. The origin of the relaxation in the current flow, immediately 
after illumination is unclear, but may be caused by re-capture at D-X 
centres of electrons which remain in the conduction band of the sample 
in the AlGaAs layer after illumination.
In summary, the influence of illumination on the properties of quan­
tum  trench diodes is believed to be dominated by changes in the ionised 
D-X centre concentration in the AlGaAs layer of the heterostructure.
5.3  T h erm al A ctiv a tio n  M easu rem en ts
5.3.1 The Richardson Law in 2D
Thermally activated current measurements have been used extensively 
for the study of potential barrier heights in semiconductor and semiconductor- 
metal material systems. A great deal of the early work concentrated on 
Schottky barriers at Si-metal and GaAs-metal interfaces (for examples 
see [66] and [67] respectively) and a general review of such measure­
ments is given by Rhoderick [55]. More recently Roflmanith et al. [68] 
demonstrated how a measurement of thermally activated current could 
be used to investigate X-point barrier heights in GaAs/AlxGai_xAs sin­
gle barrier tunnelling diodes under hydrostatic pressure.
The Richardson law governing the thermally activated component 
of the current can be derived from the current equations discussed in 
Chapters 2 and 6. The expression is greatly simplified by making the 
approximation that for a non-zero bias voltage V, the current flow is 
dominated by electrons moving in the direction of the applied bias. This 
gives the current density flowing from the emitter to the collector for a 
device with 2D electrodes as
j = e ^ r r m m - n E + e v m E - e v ) i w  (5-2)
where E  =  Ex +  Ey and Ex and E y are the electron energies in the 
transport direction and parallel to the barrier respectively. Implicit in
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Eqn.5.2 is the assumption tha t only a single occupied subband in the 
emitter contributes to the current. A further simplification can be ob­
tained by ignoring the contribution to the current from tunnelling, which 
enables the use of the classical values for the transmission coefficients,
T{E X, eV) =0 for Ex < $o
T (E X, eV) =1 for Ex > $o (5.3)
for a potential barrier height $o above E p .  Combining these approxi­
mations, and positioning the Fermi energy such that E p  =  0, gives the 
activated current density for a rectangular barrier as,
_ e V w  f ° °  r  - ( E x  + Ey)
' " “ w l  L kT dE xdE yy /E y(2'n,vj jQ j q q
It is then simple to obtain the Richardson law for a device with 2D 
electrodes,
pa/m * / Z^T^X 2 r (fjn 1
(5.5)T ^  ey/ * ( k T \  2 f $0d a d  ~  T o  I 71—  1h2 V 27tJ
exp kT\
2which shows the activated current has a T 2 dependence as opposed to
9 •  •  •  •a T  dependence for 3D electrodes. Note that in this classical picture,
the activated current density is independent of the bias voltage for a
rectangular barrier at high bias voltages. For the low voltage limit, the 
3 1
T 2 dependence in the Richardson law becomes a T 2 dependence and
the thermally activated current also becomes dependent on the applied
voltage.
For the high voltage limit, a measurement of the activated current 
over range of temperatures therefore enables the barrier height to be
3
obtained from the gradient of a straight-line plot of l n ( J /T 2) vs 1/T.
5.3.2 Experim ental Techniques
Thermally activated current measurements were made for devices B, C, 
D and E. The experiments were performed in a liquid He bath cryostat
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with the samples mounted on a temperature controllable insert in He 
exchange gas at low pressure. Further thermal contact between the 
insert and the bath was provided by a set of copper springs which are 
indicated on the sketch in Fig.5.7. The temperature was set using a small 
resistance wire coil heater, mounted on a copper cylinder directly below 
the sample. The heater current was supplied by a Lakeshore Cryotronics 
temperature controller (Model DRC 91C) using a pre-calibrated carbon- 
glass temperature sensor positioned under the sample. With this method 
it was straightforward to achieve a temperature stability of better than 
±0.1K over the entire measurement range (4.2-250K). A sketch of the 
apparatus is shown in Fig.5.7.
The activated current was measured to an accuracy of O.lnA over a 
range of temperatures, using the experimental apparatus described in 
section 5.2.1. Measurements were made with applied biases between 1 
and 20mV for devices B and C and between 10 and 50mV for devices D 
and E.
5.3.3 Therm al A ctivation  R esults
3
Fig.5.8a) and 5.8b) are Arrhenius plots of l n ( J /T 2) vs 1 /T  for devices B 
and C for a range of different values of the applied bias. The solid lines 
sketched on the plots indicate the temperature regions where the trans­
port is dominated by thermal activation and the data obey a straight line 
fit. Taking the low bias limit gives values for $0 of 12meV and 50meV 
for devices B and C respectively. At high temperature, there is a roll-off 
in the gradients of the plots which is attributed to the resistance of the 
2DES leads in the sample (~  20k£l at 200K) becoming larger than the 
resistance of the barrier.
The data for device B are instructive, since contrary to Eqn.5.5 they 
clearly indicate both a strong dependence of the gradient on the applied
3
bias voltage and a non-linear dependence of l n ( J /T 2) on 1 /T  in the low-













Figure 5.7: Schematic diagram of the experimental apparatus used for
controlling temperature. An explanation of the system is given in the text.
est tem perature range on Fig.5.8 a). These effects both  originate from 
a breakdown of the assum ptions made in the derivation of the Richard­
son law which become less valid for small potential barriers. Simply 
speaking, this means th a t a t low tem peratures where the activated cur­
rent is vanishingly small, the Richardson law can no longer be applied 
if T (E x,e V ) 7^  0 for E x <  $o and the current flow is dom inated by 
tunnelling. Similarly a t high bias voltage (eV  ~  3>o) the tunnel current 
plays a significant role, and together with a reduction in the effective 
barrier height due to therm ally assisted tunnelling near the tip, acts to 
reduce the gradients of the Arrhenius plots.
Fig.5.9 shows Arrhenius plots for all four devices a t low applied 
bias. Values for <f>o are 12, 50, 92 and 150meV for devices B, C, D and E 
respectively which are consistent with the I -V  characteristics of Fig.5.4. 
Note th a t since the barrier profiles are sm ooth and the barrier w idth is 
strongly correlated to the barrier height, the I- V  characteristics cannot
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F ig u re  5.8: Arrhenius plots for devices B (above) and C (below) for
temperature ranges of 10-50K and 50-150K respectively. Solid lines indicate 
the region dominated by thermally activated transport
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Figure 5.9: Arrhenius plots for devices B-E in the saturated current regime. 
Solid lines indicate the gradients used to calculate $o
5.4 C om parison o f T herm al A ctivation  R esu lts W ith  T h e­
ory
5.4.1 A nalysis of Q uan tum  Trench Profiles
In order to compare the experimentally determ ined tunnelling barrier 
heights with those predicted by numerical calculations described in C hap­
ter 6, a more detailed analysis of the trench dimensions was performed. 
Q uantum  trench widths were m easured from SEM m icrographs of refer­
ence structures w ritten on unused parts of the samples. Typically, such 
micrographs yield feature sizes to  within an accuracy of ±10nm  a t an 
SEM magnification of 60000 x on the system used in this work (see Sec­
tion 3.3.4). W hen micrographs were taken directly on the real diodes,
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this was found to cause a severe degradation of the 2DES mobility, thus 
introducing large series resistances into the devices. The exact mecha­
nism for the damage to  the 2DES is not understood and it is surprising 
th a t such an effect occurs a t w hat are relatively low electron energies 
(25kV). Sm ith et al. [69] have observed similar behaviour a t electron 
energies of around 20kV and a ttribu te  the damage to the fact th a t a t 
these energies, the electrons have a penetration depth of around lOOnm 
and thus dissipate their energy in the 2DES region.
Approxim ate etch depths were measured using a  Dektak step pro-
0 0 0 0 0 8  2 0 K V  X 6 & I 0 K ’ 6 1 5 0 0 m
F ig u re  5 .10: Electron micrograph of a quantum trench on a cleaved sample
filer on large (feature size ~  200/im), optically defined mesa structures 
etched sim ultaneously on GaAs substrate m aterial. To assess the accu­
racy of these measurements, dense, lateral superlattice arrays of quan­
tum  trenches (lateral spacing 10pm) were w ritten with EBL on het­
erostructure samples and etched simultaneously with the GaAs refer­
ences. Cleaving the heterostructures in a direction perpendicular to the 
trench arrays enabled SEM micrographs to be taken of the quantum  
trenches end-on.
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Fig.5.10 shows an SEM micrograph of a single trench on a cleaved 
sample. The trench depth is estimated to be 50nm compared to a Dek- 
tak step height of roughly 70nm on the GaAs reference mesas. Mea­
surements on a range of cleaved samples indicate that as a rough guide, 
step heights obtained from the GaAs reference mesas overestimate the 
trench depth by about 30%. This is reasonable given the contrasting 
lateral dimensions between the trenches and the reference mesas and to 
a lesser extent the chemical differences between the two materials. The 
trench depths given at the beginning of the Chapter for devices A-E 
were all estimated in this fashion.
The micrograph in Fig.5.10 also indicates tha t the trench profile is 
trapezoidal as opposed to rectangular. This is a common result of RIE, 
and occurs as the resist, remaining at the trench edges, is slowly re­
moved during the etching process, allowing an increasingly wide area of 
the sample to be attacked.
5.4.2 Comparison o f Barrier H eights
Chapter 6 details a numerical simulation of the quantum trench struc­
ture, based on a finite difference form of the Poisson equation. The 
calculations supply subband energy profiles (tunnelling barriers) in the 
plane of the 2DES from which it is straightforward to obtain values 
for the barrier heights above Ep. Simulations were made for a range 
of quantum trench depths, spanning the values estimated for the five 
devices A-E. The trench width was taken to be 40nm in all cases and 
rectangular trench profiles were used.
On Fig.5.11, the calculated and measured barrier heights are plotted 
as a function of the trench depth. Note the change in nomenclature for 
the barrier height, i?o(0) =  $o- The calculated results predict the correct 
trend of increasing barrier height with trench depth, but the agreement 
with experimental values is poor. The source of the discrepancy prob­







F ig u re  5 .11: Comparison of measured (squares) and calculated (circles)
barrier heights for a range of quantum trench devices.
ably lies both  in the trench depth  values assumed for the experimental 
devices and the choice of trench profile used in the calculation. The 
discussion in Section 5.4.1 dem onstrates the problems involved in ac­
curately determ ining both the size and shape of the quantum  trench, 
which are clearly im portant param eters in the numerical simulation. In 
the following C hapter, a detailed comparison is made between experi­
m ental and calculated I- V  characteristics. To avoid this problem with 
determ ining the real trench dimensions a simple fitting procedure is used 
for the trench depth to produce good agreement between experimental 
and calculated barrier heights.
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5.5 Conclusions
To conclude, a range of characterisation data has been presented on a 
novel type of single barrier lateral tunnelling diode. The diodes were 
fabricated by reactive ion etching nanometre scale quantum trenches 
into the surface of a GaAs/AlGaAs modulation doped heterostructure. 
Five, 40nm wide (in the tunnelling direction) devices were studied with 
estimated trench depths of 14, 28, 34, 40 and 50nm. Current-voltage 
characteristics for all but the 14nm deep trench are very non-linear, 
and an increase in the trench depth results in a strong reduction in 
the current. The devices were found to be highly sensitive to illumina­
tion, which caused a very strong increase in the current, equivalent to a 
strong reduction in the size of the barrier. The influence of illumination 
is attributed to the ionisation of deep states in the AlGaAs layer of the 
heterostructure, which tend to screen the 2DES from the potential at 
the etched surface.
Thermal activation experiments were performed on the four non­
linear devices and a fit of the activated current to a 2D form of the 
Richardson law indicated barrier heights above Ep  of 12, 50, 92 and 
150meV respectively. A numerical simulation of the devices, based on 
the Poisson equation strongly underestimates the size of the barrier for 
particular trench depths which is probably due to the assumptions made 
about the trench dimensions.
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6 Numerical M odelling of Quantum Trench Diodes
6.1 Introduction
The physical complexity of semiconductor devices based on modula­
tion doped heterostructures has hindered the development of theoretical 
models designed to simulate their electrical characteristics. Ideally, any 
such model should begin with a calculation of the band structure po­
tential profile of the structure, for which the most common approach 
involves numerically solving the Poisson (PE) and Schrodinger equa­
tions (SE) self-consistently. In other words, this system of equations is 
mutually dependent; the electron wave function from the SE is required 
for a PE solution to the electrostatic potential at the 2DES and vice 
versa.
Clearly for a real device, where it may be necessary to consider the 
potential in all three dimensions, such a calculation is not only difficult 
to set up but may require excessive computing time. In spite of this, 
some notable advances have been made on the modelling of quantum 
point contacts [70], etched quantum wires [71] and on a range of quan­
tum dot problems [72,73]. In [74], quantum wires are described using a 
purely analytical solution to the PE. This is enabled by considering the 
limiting case of a few confined electrons which removes the need for a 
self-consistent solution including the SE. Finally a numerical 2D solution 
to the PE, treating the 2DES as a sheet of charge with the experimen­
tally determined charge density has been successfully implemented to 
describe a gated lateral tunnelling diode [57].
In this chapter, a model of the single barrier quantum trench tun­
nelling diode is presented. The motivation for producing such a model is 
many-fold. Not only does it provide support for the experimental data 
described in Chapter 5, but also forms a basis for many further calcula­
tions such as those predicting the device properties in a magnetic field.
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Trench
G aA s
Furtherm ore, the model has been developed in a  very general form, and 
can in principle be applied to any device based on a heterojunction sam­
ple.
Fig.6.1 shows a schematic representation of an idealised quantum  








F ig u re  6.1: Schematic diagram of an idealised quantum trench tunnelling 
diode.
trench diode which is essentially identical to  the experim ental devices 
described in C hapter 5. The trench is assumed to be 40nm wide in the 
tunnelling direction throughout these calculations and is etched into the 
surface of the sample to a depth D.
A general outline of the model is as follows. A numerical solution of 
the PE  is used to calculate the conduction band edge potential profile 
of the structures and thus to deduce the tunnelling barrier potential a t 
zero applied bias. The electronic charge in the 2DES is taken to  be 
d istributed according to a Fang-Howard variational wave function [35] 
which removes the need for a  self-consistent solution to the PE  and SE. 
This is a relatively common approxim ation, used by a  num ber of previ­
ous authors [73,75]. Zero tem perature is assumed in all the calculations.
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A further significant simplification to the problem is obtained by as­
suming tha t the trench is infinitely long in the y —direction, reducing 
the problem to only two dimensions; the growth direction (z) and the 
tunnelling direction (x ).
Taking the calculated barrier profile as a starting point, the model is 
then extended to include the effect of a bias voltage across the device. 
Previous authors have approached this problem by assuming a linear 
drop of the applied potential (in the direction) across the depletion 
region of the device. This method represents a good approximation in 
the regime where the applied voltage is small compared to the tunnelling 
barrier height, but strongly overestimates the rate of decrease in the size 
of the barrier at increasingly higher bias voltages [57]. In this work, the 
tunnelling barrier profiles under applied voltages are calculated within 
the framework of the model described above, i.e. the profiles are still 
solutions of the PE.
Subsequent application of standard tunnelling theory using a WKB 
approximation (see Chapter 2) yields model I- V characteristics for diodes 
with different fabrication parameters.
Finally, the calculations are compared with experimental results and 
the performance of the model is evaluated in light of the approximations 
made.
6.2  T h eory
6.2.1 P otential Profiles
To calculate the conduction band edge potential profile (f>(x, z), a finite 
difference method is used to solve the Poisson equation,
V V (*. *) =  ~ P\ Z\  (6.1)€Q€r{x,Z)
where p(x , z) is the charge per unit volume and er(xf z) is the relative di­
electric constant (12.2 for GaAs and 13.2 for Alo.3Gao.7As) at coordinates
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(x, z) (see Fig.6.1). The potential surface of interest is considered as a 
2D grid of discrete points with indices ( i , j )  corresponding to positions 
(x, z) and a cell size A (sketched in Fig.6.2). Considering a point ( i , j ) ,
A
< ----









F ig u re  6.2: Grid notation used for the finite difference solution to the PE
the first derivative of the potential along the x-direction line connecting 
( i , j )  w ith (i +  1 yj )  can be w ritten,
94> 4>ij , fi
d i  ~  A (6'2)
whereas between (i, j )  and (i — 1 , j ) ,
9±„  <kj~ (fi q\
dx~ A ' ( '
The same argum ent applied to Eqn.6.2 and 6.3 gives the second deriva­
tive,
d 2 ^  i&i+lj ~  i j ) / A  ~  ~  0 i - l, j)/A
d x 2 ~  A
_  +  fc -hj  ~ ^  ^
Similarly in the 2-direction,
^ ~  ^ 'j+ 1  +  ^ i j - l  —
022 A 2 (6.5)
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Combining Eqn.6.4 and 6.5 with the PE, gives the finite difference form 
of the PE in 2D,
<f>i+lj +  1 " jy  (6‘^)
Rearranging Eqn.6.6 results in an expression for the potential at any 
point on the grid in terms of its 4 neighbours and the charge p(i, j)
o
present in the volume A .
 ^ & + I J  +  1 +  1 p(i ,  j )  A 2 (a ^
+iJ = ------------------ 4----------------------i ^ ] j  (6'7)
9 • • •A grid size of 500x2000nm was used with a cell size A = ln m  in the 
active layers of the heterostructure, rising to A =10nm in the substrate. 
The following assumptions were made about the boundary conditions 
(BC’s) at the edges of the iteration grid;
(i) For both GaAs and AlGaAs(trench) exposed surfaces, the Fermi 
level Ep  is pinned near the middle of the forbidden gap, i.e.
4>(x,z =  zsurf ) =  0.8eV(l. leV)  for GaAs(AlGaAs) with no applied 
bias.
(ii) The electric field (d<j>{x, z)/dz)  —► 0 as z —► oo due to charge 
neutrality in the substrate.
(iii) In the lateral (x ) direction far from the trench, the electric field 
(d(j>(x, z) /dx)  —► 0 as x  ±oo as is the case for a homogeneous 
2DES.
Condition (i) is simply stating tha t at all the exposed surfaces, the Fermi 
energy becomes pinned at the energy of the surface states which for 
GaAs/AlGaAs sit roughly at the middle of the forbidden gap. Thermal 
activation experiments on Schottky barrier diodes generally indicate a 
barrier height (position of <j>(x, 2 =  zsurf))  of about 0.8eV [55] above Ep  
for GaAs.
The second condition ensures tha t the electric field deep in the sub­
strate is zero, which is expected for a homogeneous semiconductor. Fi­
nally, in the ± # —direction, far from the trench, the potential feels no
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influence from the trench and is thus simply tha t of an un-etched het­
erostructure.
The space charge present in the device falls into two distinct cate­
gories; fixed charges, localised either at Si donors in the AlGaAs layer or 
at p-type background impurities in the GaAs buffer, and ’free’ electrons 
confined to the 2DES. Clearly, depending on the position of E p  in the 
layers, donor and acceptor impurities will be either ionised or neutral. 
In order to take into account these inhomogeneities in the distribution of 
ionised impurities which occur in both x - and z-directions, an approach 
similar to tha t of Lier et al. [73] is used. The approximation is made 
tha t all Si donors exist as deep states (D-X centres) [76] lying at an 
energy E j, 120meV below the AlGaAs conduction band edge. Thus the 
states are neutral if Ed  lies below E p  and represent positive charges if 
Ed  lies above Ep.  The situation is summarised in Eqn.6.8 ,
{ 0 if Ed <  E p
Pd/2  if E d =  E p  (6.8)
Pd if Ed >  E p
where pn_a/(x, z) is the charge density in the AlGaAs layer and pd is the
Si doping density (taken to be 1 x 1018cm-3 ). Thus values for pn_a/(#, z) 
are re-calculated after each iteration of <j>(x, z). A similar scheme is used 
to describe the non-intentionally-doped p-type GaAs buffer for which a
1A odensity of 1 x 10 cm and an acceptor binding energy of 1.5eV below 
the GaAs conduction band edge are assumed. Fig.6.3 shows a sketch 
of the valence and conduction band edges of the structure in the z- 
direction, indicating the energy positions of both donor and acceptor 
levels.
The electron density in the 2DES is modelled using a Fang-Howard 
variational function which is normalised to the total electron density n \D 
{n\D =  2.5 xlO 11 cm 2) obtained from Shubnikov-de Haas measurements









F ig u re  6.3: Sketch of the donor and acceptor energy positions in the
structure. The left hand portion of the figure shows only the conduction band 
edge energy Eci near the sample surface, and indicates areas where deep Si 
donors are either ionised (representing positive charges) or occupied (neutral). 
The right hand portion of the figure shows Eci, and the valence band edge 
energy Evi on the substrate side, deep in the sample. Here acceptors are 
ionised (representing negative charges) when below the Fermi energy Ep and 
occupied (neutral) when above Ep.
(C hapter 2). Far from the trench, the electron density is given by,
n°
n (x  =  oo, z) =  - ^ - z e x p ( —z /d )  (6.9)
such th a t
/oo n (x  =  oo, z)dz  =  n!]/). (6.10)
•oo
where d (d =5nm ) describes the half-width of the distribution. The
resulting electron density as a function of z is shown in the inset of
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Fig.6.4a).
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F ig u re  6.4: a). Conduction band edge profile in the z-direction for a
structure before etching. Inset shows the electron density distribution in the 
2DES derived from a Fang Howard variational function, normalised to the 
experimentally determined electron concentration, b). The same energy profile 
over the entire calculated z range.
band edge profile of a structure before etching. The flat portion of the 
potential in the doped AlGaAs region is a result of E p  becoming pinned 
a t the Si D-X centre energy and its width is strongly influenced by the 
value chosen for the to ta l Si donor concentration. The boundary con­
ditions (i) and (ii) for the surface and substrate  of the sample are also 
clearly seen on these plots.
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This 2—direction profile, mapped into a 2D field, is used as an initiali­
sation for the calculation, and with Ep  pinned at mid-gap where the new 
surfaces have been exposed by etching, solutions for <j>(x, z) are iterated 
until convergence. Typical computing times for each trench depth were 
of the order of 300 minutes, using Fortran on a DEC 5000 workstation. 
Convergence was assumed when successive iterations yielded changes in 
<j>(x, z) of less than O.OlmeV at any point on the grid.















F ig u re  6.5: Calculated electron density in the 2DES n2p(x)  and subband 
energy profile (tunnelling barrier) Eo(x) as a function of lateral distance x. 
The dashed line indicates the position of the Fermi energy Ep for the left 
hand axis. The 2DES is totally depleted (V12d{x) = 0) in the region where 
E q ( x ) > Ep.
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face results in an increase in the conduction band edge potential a t the 
2DES, n (x , z) is sharply reduced. In the absence of a self-consistent so­
lution to the SE, this effect is modelled using a simple algorithm  based
on the following assumptions.
2 (nm )
F igure 6 .6 : Surface plot of the conduction band edge energy in the x —
and z—directions.
Firstly, the energy difference between the conduction band edge po­
tential a t the interface, 0 (x,Zi) and the first subband energy Eo(x)  
is assumed constant. Simply speaking, this means th a t the subband 
profile (tunnelling barrier) mirrors the conduction band profile a t the
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GaAs/AlGaAs interface. Such an approximation is valid providing changes 
in 4>(x, Z{) occur on a length scale which is large compared to the size 
of the electron wave-function d. The second assumption is tha t only 
one 2D subband is occupied and that the density of states is an energy 
independent constant. Consequently, as E q ( x ) increases, the local elec­
tron density n{x , z) can be reduced linearly according to the following 
scheme,
n{x, z) = n(x  =  oo, z) =  ~ Eq{x )) (6.11)
where the step function 0  forces the density to zero if the subband energy 
exceeds Ep. Fig.6.5 shows the total electron density in the 2DES n<id(x ) 
(where n 2£)(x) = J^° n(x, z)dz) for a model device with a trench depth 
D =  43nm.
In the following discussion, the length of the trench (in the tunnelling 
direction, x) is fixed at 40nm. Fig.6.6 shows a typical conduction band 
edge energy surface plot for a 46nm deep trench. A feature clearly seen 
on this plot is the steep rise in <f>(x, z) in the Si doped region beneath 
the trench, centred around x  =  0. Indeed the magnitude of the potential 
modulation in the 2DES is highly sensitive to the concentration of donors 
in the AlGaAs layer. Fig.6.7 shows a set of plots of the subband energy 
E q ( x )  as a function of the trench depth D. The corresponding barrier 
height Eq(0) and the width at the Fermi energy WpF are plotted in 
Fig.6.8 and indicate a barrier of rapidly increasing size for trench depths 
greater than ^  40nm. Note that the existence of a true barrier only for 
etch depths greater than ~  40nm is also observed experimentally (see 
Chapter 5).
6 .2.2 P o te n tia l P rofiles U n d er B ias
The application of a bias voltage V  to the structure involves a redefini­
tion of the BC’s at the edges of the iteration grid. Clearly, far from the
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F ig u re  6 .7 : Calculated subband energy profiles (tunnelling barriers) for
devices with trench depths from 35 to 54nm (in lnm steps). The curves have 
been offset on the y-axis for clarity. The dashed line indicates the position of 
the Fermi energy for the uppermost (D=54nm) curve.
trench in the in d ire c t io n , the ^-direction profiles m ust be identical, but 
shifted in energy by eV. Consequently, the surface (substrate) boundary 
conditions must also vary through the structure with some distribution 
of the applied voltage. One self-consistent solution to  this problem is to 
shift the surface (substrate) pinning energies after each iteration by the 
same am ount as the change in the 2D subband energy a t the point x.
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F ig u re  6.8: Potential barrier height E q ( 0 )  and width at the Fermi energy
Wef as a function of the trench depth D.
i.e. for the surface,
<t>k+\ x ,  zsurf) =  4>k(x, zSUTf) + (6.12)
where k represents the kth iteration. The un-biased 2D solution is taken 
as a starting  point, with an additional piecewise linear potential drop 
in the x —direction which is initially assumed to fall across the trench 
region. The finite element PE  is then iterated  once again to  conver­
gence (as with the V  =  0 case). Convergence is defined as when 
E q+ 1 ( x ) — E q ( x ) tends to zero and a stable solution is achieved th a t 
satisfies the BC’s (com puting time ~  200 minutes for each bias value 
for the convergence criterion used for zero bias). One problem th a t re­
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mains is a description of the distribution of ionised im purities through 
the structure  which will be m eta-stable for V  ^  0. It is however gen­
erally accepted th a t the emission and capture rates of electrons a t D-X 
centres are extremely slow in the tem perature regime where the devices 
are measured. For this reason the zero bias distribution of ionized D-X 
centres was used to model the  device under bias.













F ig u re  6.9: Subband energy profiles Eo(x) for a structure with a 46nm
deep trench with applied biases from 0 (uppermost curve) to lOOmV (lowest 
curve). The dashed line indicates the position of Ep in the emitter. Inset 
shows the barrier height (Eq(0, V)) above Ep for applied biases up to 160mV.
with applied biases from 0 to lOOmV in lOmV steps. Significantly, al-
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though both barrier height and width are strongly reduced with increas­
ing bias voltage, a tunnelling barrier still exists for applied bias voltages 
substantially in excess of the zero bias barrier height -Fo(O).
6.2.3 Tunnel Currents
The transmission coefficients T (E Xl eV) are evaluated for the calculated 
profiles using the WKB approximation described in Chapter 2. The 
transmission coefficient was given as,
for any numerically defined barrier potential, sub-divided into p rect­
angular components with individual barrier heights £/. The tunnelling 
current density per unit length, J is then evaluated from,
/+oo S (E x)T(E x,eV)dEx (6.14)
OO
where S (E X) is the supply function and defines the number of electrons 
with an energy near Ex available for tunnelling (see Chapter 2). The 
form of S(E X) can be derived by considering the ideal rectangular poten­
tial profile shown in Fig.6.10. For 2D electrodes, the current Jr\ flowing 
from right to left can be written in terms of the probability of a state 
on the right being occupied, and a state on the left being empty, i.e.
Jn = J  J  fcV / ( £ ) [ 1 -  f ( E + e V ) ] T ( E x,eV)  (6.15)
similarly for the current from left to right,
J‘r = j _  J_ ~ 2e(2 ^ kyv * f (E +eV)[  1 -  f (E )]T (E x,eV)  (6.16)
where
1
T (E X, eV) «  exp I —2d
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Right (r)Left (I)
E
F ig u re  6 .10: Sketch of an ideal square barrier potential under an applied 
bias V. The subband energy Eo(x) on the right-hand side of the barrier is 
defined as zero potential for the calculation and the y—direction runs into the 
page.
and vx is the directed electron velocity. The set of equations 6.15-6.17 
are the analogue of Eqn.2.7 in C hapter 2 for 3D electrodes.
Since parallel momentum  ky and to ta l energy E  are conserved in the 
tunnelling process, the first differential of ky can be w ritten  in term s of 
the parallel energy dispersion,
-  -
and the group velocity in the tunnelling direction from the energy in the 
tunnelling direction,
1 (a i c\\
Vx = n(6'19)
By substitu ting  Eqn.6.18 and 6.19 into Eqn.6.15 and 6.16, the to ta l 
current J  =  Jr\ — Jir can be w ritten,
j = « k > \ i w n y E - + E ’ )
—f ( E x + E y + eV )) T ( E Xe V ) ~ y-^ x (6.20)
\JEy









F ig u re  6 .11: Ideal tunnelling barrier potential profiles for a) the case
eV < Ep where the energies of filled states in the emitter and collector overlap, 
and b) for the case eV > Ep where there is no overlap.
which implies the supply function,
s { E x )  = r j f { E x + E y ) ~ f { E x + E y + e Y ) ] (^6-2i)
At this point the 2D nature of the tunnelling problem is accounted for in 
the integration of the supply function S ( E X) where the parallel energy 
E y is one dimensional (as opposed to  being two dimensional for vertical 
tunnelling problems). Solving Eqn.6.21 for the supply function is dras­
tically simplified by the assum ption of zero tem perature since the Fermi 
functions f ( E x +  E y) and f ( E x +  E y +  eV)  can only take values of 1 
or 0. Thus, S ( E X) must be obtained separately for the two bias volt-
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age regimes for which either some or no energy overlap exists between 
occupied states in the em itter and collector; eV < Ep  and eV  > Ep  
respectively.
Considering the first case, which is sketched in Fig.6.11a), only elec-
U: 1 2 : Ex u Ep E,
EF-eV Ef
F ig u re  6 .12: Energy diagram for the total electron energy E plotted as a 
function of Ex and Ey components for the bias range eV < Ep. The shaded 
region indicates the energy surface used for the integration of the current 
density J.
trons with a to ta l energy E  =  E x +  E y in the energy range of occupied 
sta tes in the em itter and free states in the collector can contribute to 
the  supply function. Therefore, for E p  — eV <  E  <  Ep ,
f ( E X +  Ey)  =  1 
f { E x +  Ey +  e V ) =  0.
To calculate S ( E X) and J  for this bias region, it is necessary to integrate 
over all possible values of E x and E y , which are sketched in Fig.6.12. 
Here, the problem is subdivided again into two energy regimes, 0 < 
E x <  E p  and E p  — eV  <  E x < E p  for regions indicated by 1 and 2 
respectively on the figure. In region 1 possible values of E y are bounded
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by the lines E y =  Ep — eV — Ex and E y =  Ep — Ex which form the 
supply function integral limits, i.e.
S ( EX) =  [ EF EX - I p L  (6.22)
h ( 27r) V h JE F- e V - E x y / E y  
The first component of the current density is then given by,
J l =  2 6
f ~ ' v
-  sJ e f  - E x -  eV )T(E x, eV)dEx (6.23)
In the second region, Ey is bounded by the lines Ey =  0 and E y =
Ep — Ex, which gives the supply function,
I  « •* >
The corresponding component of the current density is given by,
J  ^= 2T 7 T l 2 \ r ^  t  F W E F - E x)T{Ex,eV)dEx (6.25)R ( 2 n y \  nl JEp-eV
Thus the total current density for the bias regime eV  < Ep  can be 
written,
*EF—eVT _  0 e 12m*
J  — z
[ fEp-e  _______
I I { y / E p - E ,
h(27r)2 Y h2
-  y jE F - E x -  eV)T(Ex, eV)dEx




For the second bias regime where eV  > E p , values for the total energy 
E  lie in the range 0 < E  < Ep  which ensure,
f ( E x -f E y) =  1 
f ( E x -+■ E y +  eV) =  0
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The integration surface is sketched in Fig.6.12 b), and in this case the 
problem can be solved as a single surface integral. Ey is bounded by the 
lines E y = 0 and Ey =  Ep  — Ex and therefore the supply function is 
given by,
S( EX) = [ EF EX (6.27)
h ( 2 w ) * y  h 2  J 0  y / E y
The current density for eV  > Ep  is therefore,
J  = 2 FW E F - E x) T{Ex, eV) dEx (6.28)
6.3 Comparison w ith Experim ental R esults
The integrals 6.26 and 6.28 were solved numerically using a computer 
library routine based on Gauss-Konrad rules [77] in the two voltage 
regimes discussed. Fig.6.13 shows experimental I - V curves for two 5//m 
wide diodes (solid lines) measured to a sensitivity of lOpA. The barrier 
heights for the two devices Eo(0) measured using the thermal activation 
technique are indicated. Also shown on the figure are the calculated 
I- V  curves (dots) for two model diodes with trench depths D\  =  43nm 
and D 2 =  46nm chosen to yield barrier heights as close as possible the 
experimental values. This was the only stage of the calculation where 
a fitting procedure was used and it is justified by the experimental dif­
ficulty involved in measuring both the depths of the trenches and their 
cross-sectional geometries (see Chapter 5). The iteration grid cell size 
A =  lnm  prevented a more accurate fitting of the barrier heights.
In view of the fact that the comparison is of tunnel current (which is 
exponentially sensitive to the form of the barrier potential), and given 
the large number of approximations contained in the model, agreement 
between the experimental and modelled I - V curves is impressive. In 
addition to the accurate reproduction of the gradients of the curves 
(differential conductivity) over more than four orders of magnitude in 
the current, the agreement in their voltage position is also good. Fur-
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F ig u re  6 .13 : Model (lines and points) and experimental (solid lines) I-V
characteristics for 2 different diodes. The zero bias barrier heights Eo(0) for 
the calculated (experimental) data are 20(21) and 58(63)meV respectively.
therm ore, a  sa tu ration  in the barrier height with increasingly large bias 
voltage in the  calculations (shown on the insert of Fig.6.9) leads to a  roll­
off in the  gradient of the I- V  characteristics (decrease in the differential 
conductivity). This phenomenon is also observed in the experim ental 
d a ta  and may have a similar origin.
E^ (0)=58me'
Eb(0)=63me’
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6 .4  C onclu sion s
A numerical model, based on a finite difference solution to the Poisson 
equation has been developed to describe a single barrier quantum trench 
lateral tunnelling diode. The model uses a Fang-Howard variational ap­
proach to describing the electron distribution in the 2DES and takes 
into account variations in the impurity occupation density in both lat­
eral and vertical directions. Computing time, in comparison to similar 
reported calculations, is modest. The model has been applied to obtain 
information about tunnelling barrier energy profiles and barrier heights 
as a function of the trench depth. A direct comparison between experi­
ment and theory in this case is difficult owing to the difficulty involved 
in accurately measuring trench cross-sectional geometries and depths. 
The model also identifies the density of donor impurities in the AlGaAs 
barrier region as a critical parameter in determining the magnitude of 
the barrier potential.
A novel feature of the model involves the application of a bias volt­
age to the device which is achieved using a self-consistent method of 
boundary condition adjustment to calculate the voltage drop profile. 
Application of standard tunnelling theory using a form of the WKB ap­
proximation enabled the calculation of I - V properties from the biased 
barrier profiles.
Agreement between the experimental and modelled I- V characteris­
tics is excellent using only the experimentally determined barrier height 
as a fitting parameter. This indicates tha t not only does the model pro­
duce a good simulation of the form of the zero bias tunnelling barrier 
potentials, but that the self-consistent approach to the application of 
the bias voltage also yields valid results. Furthermore, the author is 
unaware of any comparable, first principles tunnelling calculation that 
gives consistent order-of-magnitude agreement with experiment.
Finally, although the technique has been applied to the relatively
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simple case of a single barrier diode, the principles behind it are quite 
general and could be applied to structures of arbitrary geometry.
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7 Lateral Tunnelling in Gated Diodes
7.1 In tro d u ctio n
In this chapter, attention is focussed on lateral tunnelling through poten­
tial barriers induced by field-effect metallic Schottky gates, as opposed 
to etched quantum trenches. Experimental data are presented for both 
single and double barrier devices, which were fabricated using the meth­
ods outlined in Chapter 4.
The principles behind Schottky barrier devices are quite simple, and 
indeed analogous to those for a field effect transistor (FET). Applying 
a negative bias voltage to a very narrow metallic gate on the sample 
surface produces an electrostatic field which causes a local depletion of 
the 2DES in the region under the gate. This depletion region represents 
a potential barrier to electrons in the electrodes of the device (which 
for gated structures are re-named source (emitter) and drain (collec­
tor)). Operating the device in the gate voltage range just after pinch-off 
(pinch-off is defined as when the barrier height equals the Fermi energy), 
means that at low temperature, transport can only occur via tunnelling.
In the introduction to Chapter 5, the disadvantages tha t gated lat­
eral tunnel diodes have for commercial applications were highlighted and 
it was also suggested that etched structures may be more suitable for 
some experimental purposes. Clearly however, gated tunnelling devices 
have the significant experimental advantage tha t the size of the electro­
static potential can be continually changed via the externally applied 
gate voltage. This enables the systematic study of transport through 
a wide range of potential barriers, and in particular, the study of tun­
nelling through very small barriers, where the transmission coefficients 
are large enough to observe tunnelling effects at small values of the ap­
plied bias voltage.
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7.2  T h e E ffects o f  D isorder in  L ateral D ev ices
Recent publications have suggested that disorder plays an important 
role in the properties of lateral devices, such as quantum point contacts 
and lateral tunnelling diodes. An early example came from McEuen 
et al. [78], who observed a small number of sharp resonances in the 
transconductance of a quantum point contact near pinch-off. The au­
thors explained their data in terms of resonant tunnelling through bound 
states of a quantum well in the barrier, induced by a single, positively 
charged impurity ion. The impurity was assumed to come from the 
background doping density and lie near the plane of the 2DES in the 
region of the barrier. Similar effects were observed by Weis et al. [79], 
also using a split-gate geometry.
Quite different results were reported by Washburn et al. [80], who 
studied a single, field induced lateral tunnelling barrier, fabricated on 
a 1/zm wide quantum wire. The devices displayed a range of transcon­
ductance fluctuations in the gate voltage regime before pinch-off, which 
were attributed to fluctuations in the potential profile of the barrier. 
Subsequent calculations by Davies et al. [81] demonstrated tha t the re­
sults could be explained in terms of potential fluctuations, induced by 
the random positioning of donor impurities in the AlGaAs layer of the 
heterostructure.
It is clear tha t as the dimensions of electronic devices are reduced, 
the probability that their electrical properties will become dominated 
by disorder such as donor or other impurities must increase. The ex­
perimental data shown in the following chapters on field induced lateral 
tunnelling devices reinforce this statement, and demonstrate th a t the 
effects of disorder are particularly important for an understanding of 
the physics involved in two-dimensional lateral problems.
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7.3  T ransport and T u nnelling  T h rou gh  S ingle B arrier D e ­
v ic es
In common with the quantum trench devices discussed in Chapters 5 
and 6, the gated tunnelling devices here are described as 2D, i.e. the 
electrostatic potential barrier has finite extent in both the ^-direction 
(tunnelling direction) and the ^ —direction. One of the few published 
experiments, concentrating solely on 2D lateral tunnelling through sin­
gle, gate-induced barriers (as opposed to tunnelling through ID split 
gate structures or in quantum wires) was conducted by Manion et al. 
[57], who compared their source-drain current-voltage properties at fixed 
gate voltage with a model based on the Poisson equation and a simple 
tunnelling theory involving the WKB approximation. The authors were 
able to show a good agreement between measurement and theory by 
using both the barrier height and width as fitting parameters.
In this work, a more detailed experimental study of the properties of 
a single 2D field induced barrier is presented. In addition to a simple 
investigation of the conventional current-voltage characteristics, a de­
tailed study of the conductance properties of the barrier was made both 
in the transport (before pinch-off) and in the tunnelling (after pinch-off) 
regimes. It is shown tha t owing to the presence of inhomogeneities in the 
barrier potential, the properties of the device near and beyond pinch-off 
are dominated by weak points in the potential. Hence, the transport and 
tunnelling properties of this 2D barrier must be interpreted in terms of 
a parallel array of ID barriers.
7.3.1 E xperim ental M ethods
The single-barrier-lateral-tunnelling-diodes (SLTD’s) were fabricated on 
Hall bar samples, with a geometry similar to that used for the quantum 
trench devices. The Schottky gates consisted of a 15nm Cr layer, fol­
lowed by a 30nm layer of Au and the gate dimensions were approximately
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50nm long in the tunnelling direction and 5/zm wide. To ensure th a t no 
current could flow along the gate itself, contact to it was only made via 
a  single gate finger on one side of the Hall bar. Fig.7.1 shows a sketch 
of an ideal SLTD and full details of the fabrication process are given in 
C hapter 4.
Both single and double barrier devices were studied using two vari-
F ig u re  7.1: Schematic diagram of an ideal SLTD.
able param eters; the source drain voltage V $ d  and the gate voltage V q d - 
This enables two modes of operation;
1. I s d  or dlsD /dVsD  m easured as a function of V q d  for fixed V s d -
2. I s d  or d lso /dV sD  m easured as a function of V $ d  f°r fixed V g d - 
Leakage currents between the gate and drain were smaller than  the min­
imum current sensitivity of IpA  used.
Fig.7.2 shows a simplified schematic representation of the electrical 
circuit used in the experiments. The drain contact is always connected 
via the current amplifier (internal resistance ~  100T2, which was always 





25nm AlGaAs ^ ^ 2 D E S
GaAs Buffer
Contact Gate Contact
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Vsd  are referenced directly to ground. Since the electric field between 
gate and drain is largely independent of the source potential, current- 
voltage characteristics measured with this configuration are usually not 
antisym m etric, especially for large values of V$d • All the experiments 
on single barrier devices were conducted in a top-loading dilution refrig­
erator (TLM400 System from Oxford Instrum ents) a t a tem perature of 






F ig u re  7.2: Simplified schematic representation of the measurement cir­
cuit.
7 .3 .2  R e s u lts  fo r Z ero  D C  S o u rc e -D ra in  V o ltag e
D ata  are presented for two SLTD’s, which were fabricated on the same 
Hall bar sample and are denoted device A and device B in the follow­
ing discussion. Fig.7.3a) shows a plot of the differential conductivity 
d l s D / d V s o  f°r the two devices as a  function of gate voltage V q d , for 
zero applied DC source-drain voltage Vsd  (the Mode 1 characteristics).
Lateral tunnelling in Gated Diodes 115












- 0.8 - 0.6- 0.8 -0.4 0.0 - 1.0
VGD (V)
F ig u re  7.3: a) Differential conductivity of devices A and B as a function
of the gate voltage for zero DC source-drain voltage, b) The same curves, 
adjusted to remove the contribution of the 2D lead and sample contact resis­
tances. The vertical arrow indicates the point at which the device A charac­
teristics become dominated by ID transport. The dotted lines indicate integer 
multiples of the ID quantised conductance 2e2//i given by the Landauer for­
mula.
of V q d  ~  —0.5V is reached, a t which point d l g p f / d V s D  drops rapidly. 
Although for a homogeneous potential, a  roughly exponential reduction 
in dIsp)/dVsD  would be expected with increasing \V q d \ in this regime, 
device A displays a num ber of pronounced shoulders in dlgpf/dV so  be­
fore pinch-off. The strongest feature, which is also observed for de­
vice B, occurs ju st before pinch-off. Pinch-off is assumed to be when 
dlsD /dVsD  ~  0 for Vsd — 0 which in this case occurs a t V q d  ~-0.82V 
and -0.88V for A and B respectively. The curves were found to  be repro-
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ducible within a single cooling cycle, with small shifts of ~  0.0IV occur­
ring in the value of Vqd required for pinch-off. After warming to room 
temperature and re-cooling, the features in d lso /d V so  remained quali­
tatively similar, although their gate-voltage positions, and the pinch-off 
gate voltage varied by up to 0.2V. The value of dI$D/dVsD f°r the 
pronounced shoulder before pinch-off remained roughly constant with 
temperature cycling.
Fig.7.3b) shows the same Mode 1 characteristics, with the resistance 
Ro of the 2D leads and the sample contacts removed (R q was taken 
as the resistance of the device for zero Vqd). The adjusted values of 
dlso/dVsD  therefore represent the differential conductivity of the bar­
rier only. It is clear from Fig.7.3b) tha t the first pronounced shoulder 
in dlsp/dVsD i that is observed for both devices, occurs at a value close 
dlsD /  dV$D =  2 e2/h .
To explain the results, it is necessary to return to the Landauer model 
of quantised ID conductance, which was introduced earlier in the thesis 
in relation to the edge state model of the quantum Hall effect, and is 
discussed further in the following section.
7.3.2.1 Quantised Conductance in ID  Channels
If the lateral width of a conducting channel in a 2DES is made compa­
rable to the Fermi wavelength then a further ID quantisation of the 
electron motion occurs, in addition to tha t imposed by the z-direction 
confinement at the heterostructure interface. Assuming for example 
tha t the lateral confinement acts in the ^-direction, then solving the 
Schrodinger equation for free motion in the ^-directions [39] reveals a 
discrete set of energy eigenvalues E®. The dispersion relation for the nth 
subband is,
En(kx) = E°n + 0  (7.1)
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where kx is the wave vector along the channel. Each I D  sta te  of length 
L  occupies an area (27r/L ) in fc-space, and the number of states per unit 
length in an interval between k and k +  dk is,
t . r , _ dk dk
d N 1D(E ) = 2—  =  —
Z7T 7r
(7.2)
where the multiplying factor of 2 is included for electron spin, The den­
sity of states per unit energy and length D \d (E ) is sketched in Fig.7.4a) 
and is w ritten for each subband as
/rn  dNiD(E) 2 D W (E) dE  nh (7.3)
for the  group velocity vg =  1 /h (d E /d k )  (see also Section 3.4).



















F igure 7.4: a) Sketch of the density of states (DOS) for a IDES as a
function of energy. Eo is the energy of the bottom of the first ID subband, b) 
Schematic diagram of an ideal ID channel connecting two electron reservoirs 
with a small applied source-drain voltage V s d -
arating  two electron reservoirs with Fermi energies E p  and E p . If a
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small source-drain voltage Vsd  is applied between the two ends of the 
ID channel, a net current will flow between the electron reservoirs. The 
current per unit energy, injected into a single subband is given by the 
product of the density of states and the electron group velocity along the 
channel, which leads a general formula for the total current per subband,
iS
I s d (Vs d ) =  x  /  ^ T (E x)dEx (7.4)
h  J erE f - e V s D
Here T (E X) is the probability of transmission through the constriction, 
and for ideal ID transport, T (E )  =  1. This gives the expression for the 
current through the nth subband as,
I s d (Vs d ) = ^ - V SD (7.5)
and the well know quantised value for the conductance of the nth sub­
band,
Q = d I s D = 2 l
dVSD h V 1
which is independent of all material or device parameters. A more gen­
eralised form of Eqn.7.5 can be written for the current through all n 
subbands as,
I s d (Vs d ) =  Y  T -  /  ©(£" " E *)d E * (7-7)
V  h  J e sf - * v s d
where 0  is the Heaviside step function.
Conductance quantisation, in the absence of a magnetic field, was 
first observed in ID split gate devices by van Wees et al. [82] and 
independently by Wharam et al [83] in 1988. Both authors demonstrated 
a step-like reduction in the conductance G of the ID constriction in units 
of 2e2/h  as its width was reduced with increasing negative gate voltage. 
A very comprehensive review of many aspects of ID transport has been 
given by van Houten et al. [6].
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7.3.2.2 D iscussion
Returning to the data of Fig.7.3b), it is proposed that the features ob­
served in the differential conductivity can be explained by assuming 
th a t the 2D barrier is punctured by an array of ID channels, caused 
by fluctuations in the electrostatic potential. In light of this, the data 
is interpreted in the following way. Transport through the ID channels 
only begins to dominate when the rest of the barrier is pinched off, a 
point indicated for sample A by the arrow on Fig.7.3b). For more neg­
ative Vqd , the the conductivity is given by the parallel sum of all the 
ID channels. This means that any quantisation of the conductivity in 
this regime is lost, although shoulders in dlso/dVsD  can occur, and are 
observed in the curve for device A. The quantised step tha t is observed 
in the curves for both devices just before pinch-off, corresponds to the 
situation where a single ID subband at one weak point in the potential
Cremains below E F.
The fluctuations in the barrier potential are probably induced by the 
random positions of Si donor impurities in the AlGaAs layer of the het­
erostructure. Calculations made in [81] indicate that such fluctuations 
have typical widths ~  lOOnm which is of the correct order of magnitude 
to observe ID effects (A^r=47nm for this sample). Fig.7.5 shows a sketch 
of an inhomogeneous electrostatic potential barrier, based on this inter­
pretation of the experimental data. The sketch corresponds to a gate 
voltage regime, just after the last ID channel has been pinched off.
The contribution to fluctuations in the barrier potential from inhomo­
geneities in the gate length itself cannot be ignored. Given however that 
the gate length only varies by approximately ±10nm and is ~  lOOnm 
from the 2DES, it is considered unlikely tha t such roughness could be 
responsible for the presence of defined ID channels in the barrier. One 
alternative explanation remains; the presence of a few positively charged 
background donor impurities in the plane of the 2DES in the barrier re­
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gion. There are however no indications in the d a ta  of resonant tunnelling 
of the type observed in [78] and [79], and therefore this in terpretation of 
the d a ta  is considered less probable.
1D Channels
Electrostatic Potential E0 (x,y)
F ig u re  7.5: Sketch of the electrostatic barrier potential of an SLTD after
the last ID channel has been pinched-off. The potential fluctuations in the 
barrier arise from the random positions of donor impurities in the AlGaAs 
layer. The dotted lines indicate the position of Ey.
7.3 .3  R e s u lts  fo r F ix e d  G a te  V o ltag e
This section concentrates on the Mode 2 characteristics of the SLTD’s, 
in the two gate voltage regimes where either transport or tunnelling are 
expected to control the current flow. In the above, it was dem onstrated 
th a t in the transport regime ju st before pinch-off, the device character­
istics for zero DC source drain voltage are dom inated by ID channels 
in an inhomogeneous barrier potential. The fluctuations in the po ten­
tial m ust however also be im portan t in the tunnelling regime, since the 
transmission coefficient for the barrier is exponentially sensitive to  its 
dimensions. Each weak point in the barrier is assumed to resemble a 
saddle-point potential, which is both  lower than  the rem ainder of the 
barrier, and th inner in the ^-direction (tunnelling direction). Thus each 
saddle point in the potential can be considered as a  quasi-ID  tunnelling
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F ig u re  7.6: a) Mode 2 characteristics for device A for fixed gate volt­
ages between -0.60 and -0.8V (step 0.04V). b) The same data plotted on a 
logarithmic y-axis.
barrier, and the whole device as a parallel array of quasi-ID  barriers 
w ith different heights (see Fig.7.5).
Fig.7.6a) and b) show the Mode 2 characteristics with I$d measured 
to  an accuracy of O.lnA for device A a t fixed values of Vqjj between 
-0.60 and -0.80V. Note th a t the d a ta  were taken on a different cool­
ing cycle to th a t shown in Fig.7.3, and in this case the channel was 
completely pinched-off for Vqd = —0.70V. The d a ta  for device B were 
qualitatively the same. The curves show the expected transition  be­
tween linear transport a t low IV ^ I and non-linear tunnelling a t high 
\Vq d \ where the potential barrier rises above E p  across its entire width.
Lateral tunnelling in Gated Diodes 122
The curves were not antisymmetric, but the features were qualitatively 
the same for positive and negative Vs d • Clearly there is structure in the 
curves for Vqd =  —0.68V and -0.72V at low Vsd  and ^  1S necessary to 
study the differential conductivity of the devices to obtain more precise 
data.
Fig.7.7 shows dlsD/dVsD  measured in Mode 2 for device A for values 
of Vgd between 0 and -0.80V. To analyse the huge amount of informa­
tion on this plot, the tunnelling and transport regimes are considered 
separately.
7.3.3.1 Tunnelling R egim e
Concentrating first on the tunnelling regime (Vq d  < —0.70V), it can be 
seen from Fig.7.7 that two pronounced shoulders appear in dlso/dVsD  
with increasing V sd • The positions of the shoulders shift monotonically 
to higher Vs d  with increasing \Vq d \ and become weaker for the highest 
values of \Vq d \ shown. A subsection of these data is plotted in Fig.7.8 
for positive Vsd in the gate voltage range between -0.71V and -0.77V 
and indicate tha t the values of dlsD/dVsD  at which the shoulders occur, 
decrease slightly with increasing |Vg£>|. For this plot, the resistance of 
the contacts and 2D leads of the devices has been subtracted. The data 
for device B were similar, although only a single shoulder was clearly re­
solvable in both directions of Vsd- After warming to room temperature 
and re-cooling, the second shoulder in the device A characteristics was 
also no longer clearly resolvable (see Section 8.4).
The shoulders present in d lso /d V so  are surprising, since from a sim­
ple tunnelling picture, the current and thus conductivity should show an 
approximately exponential dependence on the applied source-drain volt­
age. To explain the data it is necessary to return to the idea tha t the 
barrier potential is strongly inhomogeneous, and tha t the potential fluc­


















F ig u re  7.7: Differential conductivity of device A measured as a function of 
the source-drain voltage V s d  for fixed values of the gate voltage V g d  between 
0 and -0.80V (Mode 2). The gate voltage step is 0.01V and the curves have 
not been shifted on the y-axis




















F igure  7.8: Differential conductivity of device A as a function of the source- 
drain voltage Vsd for a range of fixed gate voltages Vqd• The curves have 
been adjusted to remove the influence of the 2D lead and contact resistances. 
The right hand y-axis is scaled in units of quantised ID conductance (2e2/h).
this gate voltage regime beyond pinch-off, the ID  subbands lie above 
E p  for Vsd  — o? with increasing Vsd  the subbands are expected to 
move down in energy, relative to E p, and a t some critical voltage V ^ ,  
ID transport will play a role in the conductivity of the device. It is 
proposed therefore th a t the results of Fig.7.8 can be explained as a com­
bination of tunnelling, and of transport through ID  subbands a t weak 
points in the barrier potential a t high Vs d -
7.3.3.2 M odel of ID  T ran sp o rt a t Large Source-D rain  V oltage
One of the few experim ental models of ID transport a t large source- 
drain voltage (eVsD > (E n — E n- 1)) was published by Kowenhoven et
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al. [84], who studied the I sd ~Vsd  characteristics of a split gate device 
th a t was pinched off for zero source-drain voltage. That structure is 
analogous to a single weak point in the barrier potential of the device 
measured in this work, and therefore the simple model, outlined in [84] 
is used as a starting point for a discussion of the data.
The analysis is based on an idealised representation of a saddle 
point in the potential as a low, asymmetric triangular barrier in the x- 
direction, with high confining walls in the ind irec tions. For Vsd  ~  0, 
the barrier is higher in energy than Ep. An applied ^-direction source- 
drain bias Vsd  is assumed to fall linearly across the barrier region only, 
and ID subbands remain above the barrier due to the lateral confinement 
in the y-direction. Fig.7.9a) and b) show sketches of this ideal device 
for zero and finite Vs d -
With increasing Vs d , the energy of the nth subband E n differs from 
its equilibrium position E® due to the tilting of the potential barrier, and 
is given as E n =  En — meVsD- Here, m  is a phenomenological parameter 
which describes the fraction of Vsd  that falls across the left hand side of 
the barrier and is dependent on the shape of the barrier. Consequently 
a fraction (1 — m) falls on the right hand side. Ignoring any current due 
to tunnelling, the current flow across the barrier will be zero, until the
Q
bottom  of the first subband falls below Ep  at the critical source-drain 
voltage V$D. For Vsd  > the current through the ntfl subband is 
given by Eqn.7.4 as,
t-E^
I s d (Vs d ) = \  I  F dE  (7.8)
J  En
for T ( E X) =  1. This gives a contribution to the total conductivity G 
from the nth subband as,














Eo =E° -m eV  SD
F ig u re  7.9: Schematic diagram of the x-direction potential <f>(x) for an
asymmetric ID triangular barrier in a y-direction constriction, a) Potential 
for zero source-drain voltage V s d -  The ID subbands above the barrier are 
indicated by their equilibrium energies E®. b) Potential for finite Vs d - The 
voltage drop across the left hand portion of the barrier is meVsD and the new 
subband energies are given by En = Eft — meVsD
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for a critical voltage,
V $ D  =  ( 7 -1 0 )me
Eqn.7.9 implies that although no longer quantised, the contribution to 
the conductivity from each subband should remain constant, if m  is 
independent of Vs d - Within the framework of this model, a step-like 
increase in the conductivity would be expected for increasing source- 
drain voltage as an increasing number of ID subbands contribute to the 
overall conductivity.
7.3.3.3 D iscussion
The conductivity data of Fig.7.8 are explained using a model involving 
both tunnelling through the barrier, and transport though ID constric­
tions, formed by fluctuations in the potential. For low source-drain 
voltage, the energies of all the ID subbands in the barrier lie above Ep  
and hence the only mechanism for current flow is tunnelling. This is re­
flected by the approximately exponential onset in dlsD/dVsDt observed 
on Fig.7.8, which is associated with tunnelling processes occurring at the 
smallest point in the barrier potential. The current in this case is still 
governed by Eqn.7.4 but T ( E X) < 1 for ID tunnelling. At the critical 
voltage VgD which for Vqd =  —0.71V is estimated as V$D «  5mV, the 
first subband E q of a single ID channel above a weak point in the barrier
Q
falls below Ep.  In this voltage regime, the current becomes dominated 
by transport through the single ID subband which contributes a con­
stant value of m(2e2/h )  towards dlsD/dVsD • This is seen as the first 
shoulder in the curves on Fig.7.8 where the value of dlsD/dVsD  ~  20/zS 
implies m «  0.25. For a roughly symmetric potential, a value of m ^  0.5 
would be expected, but it should be stressed that this is a purely phe­
nomenological model. Similar observations were made by the authors in
[84]. Increasing \Vq d \ causes a slow reduction in the value of d lso /d V so  
at the first shoulder, suggesting a slight decrease in the value of m. Given
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tha t m  depends on the shape of the barrier, this is consistent with the 
model.
Increasing Vsd  above V$D results in a rapid increase in dlsD/dVsDi 
which is associated with a further contribution to the current from tun­
nelling. The second shoulder tha t is resolved for device A is assumed
C
to arise from the presence of a second ID  subband below E F. W hether 
this is the second subband E\ of the same ID constriction, or the first 
subband at another weak point in the barrier is unclear from the data.
7.3.3.4 Transport R egim e
One of the most striking features of the data shown in Fig.7.7 is the 
strong minima tha t develop in dlsD/dVsD  in the range of Vq d  between 
-0.40 and -0.60V. The same minima are also observed for device B, and 
are surprising, since the conductivity of a simple single barrier, which in 
this case is lower than Ep, would be expected to show a roughly mono­
tonic increase with increasing V sd• The data for device A in this region 
are also plotted in Fig.7.10a) on an expanded scale and indicate th a t the 
minima positions shift to lower Vsd with increasing |V<7£)|. Again this is 
surprising, since any resonance feature associated with the barrier itself 
would be expected to shift to higher Vsd as the barrier size increases. 
The logical conclusion from this is th a t the minima arise from a phe­
nomenon associated with the 2D electrodes of the device, rather than 
with the barrier itself.
The data are explained with an analogy to the Gunn effect [4] which 
can be seen for example in GaAs n++-n-n+ diode samples. The Gunn 
effect describes the reduction in conductivity that occurs when the elec­
tric field across the device is strong enough to allow carriers to scatter 
into the X  and L  valleys of the conduction band, where their effective 
mass is much higher. In the SLTD’s it is proposed that the reduction in 
dlsD/dVsD  occurs when the electrons have sufficient energy to transfer
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F ig u re  7.10: a) Differential conductivity dlsD/dVsD of device A as a
function of the source-drain voltage V s d  f°r fixed values of the gate voltage 
V g d -  h) Source-drain voltage positions of the minima in dlsD/dVsD (indicted 
by the arrows on a)) as a function of Vgd f°r devices A (squares) and B 
(circles). The solid and open symbols refer to minima at positive and negative 
V s d  respectively.
to  the  second subband of the 2DES itself. Although the effective elec­
tron  mass in the second subband is of the same order as th a t of the first 
subband (~  0.07rao), previous authors have dem onstrated theoretically
[85] and experimentally [86,87] th a t a sharp drop in the 2DES mobility 
occurs with the occupation of the second subband, owing to the presence 
of strong interband scattering. In addition, the velocity of the electrons 
transferred to the second subband is reduced, since part of their kinetic 
energy becomes the potential energy of the second subband itself.
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The model for this transfer of electrons to the second subband is 
sketched in Fig.7.11. In order for the transfer to occur, empty states in
the second subband of the drain must be aligned in energy with filled
• Tstates in the first subband of the source. To achieve this, a voltage VgD,
equal to the energy difference between Ep  and the second subband en­
ergy E\ must fall across the barrier region. Given typical subband energy 
spacings of E\ — E q ~  20meV [88], and the position of the Fermi energy
rpas Ep — E q ~10meV, implies a value VSD =  E\ — Ep  ~10meV. Assum­
ing an electron in the second subband has a maximum kinetic energy 
~lm eV , and taking an average interband scattering time of lOOps (based 
on the acoustic phonon scattering time [89]), implies tha t electrons will 
remain in the second subband for an average distance of ~  lp m  after 
passing the barrier. Hence the reduction in conductivity with increasing 
Vsd  can be understood as the formation of a low mobility, ~  lp m  wide 
stripe on the drain side of the barrier.
The transfer of carriers to the second subband in the drain however 
only accounts for the reduction in dlso/dVsD  with increasing |Vsd|. 
The reason for the subsequent increase, which defines the minimum 
in dlsD/dVsD  with increasing Vsd  1S not obvious. It is plausible that 
dlsD/dVsD  rises as the barrier height is reduced by the increasing elec­
tric field, and an increasing number of states in the source are available 
for transport without tunnelling.
rp
The requirement of a specific voltage drop VFD = E\ — Ep  across the 
barrier to enable the transfer of source electrons into the second subband 
in the drain explains the shift in the minima positions to lower Vsd  with 
increasing |V<7£)|. The minima positions for both devices are plotted as 
a function of \Vq d \ in Fig.7.10b). At low |V<7£)|, the resistance of the 
barrier is comparable to tha t of the 2D electrodes, and only a percentage 
of the applied Vsd  falls across the barrier region. As \Vq d \ increases, an 
increasing proportion of the source-drain voltage falls across the barrier, 
and the value of Vsd  required to inject carriers into the second subband
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Source Drain
F igure 7.11: Schematic diagram of the potential energy profiles of the
first and second 2D subbands for a barrier height less than the Fermi energy 
Ep. The applied source-drain voltage Vsd iS large enough to energetically 
align empty states in the second subband in the drain, with filled states in the 
first subband of the source. The transport path between the two subbands is 
indicated by the arrow.
is reduced, causing the observed shift in the minima position. For high 
\Vg d I  the voltage drop across the barrier is approxim ately equal to V$Di 
and the minima positions should precisely reflect the energy difference 
E \ — E p. However, since the conductivity of the devices in this regime is 
determ ined by an interplay between reduced carrier mobility and veloc­
ity in the second subband and increasing applied source-drain voltage, 
the relationship between the minima positions and E \ — E p  is not clear. 
However, the d a ta  of Fig.7.10 do show th a t the minima positions for 
both  devices and both bias directions converge to the same value of 
Vsd  ~  10mV, which is of the same order as the estim ate of V$D.
To confirm this interpretation of the d a ta  would require the study of 
devices with different subband spacings. A ttem pts were made to achieve 
this by applying a voltage to  a gate on the substra te  side of the sam ­
ple, but failed owing to  the presence of leakage currents between this 
back-gate and drain. A further possibility would be to simulate the  de­
Lateral tunnelling in Gated Diodes 132
vice characteristics with an appropriate theoretical model. However, in 
addition to the requirement of a self-consistent calculation of the sub­
band energies for zero source-drain voltage, the presence of both current 
flow and the occupation of a second subband in the drain would require 
further self-consistent modifications to the calculated potential of the 
device. In light of this, such a calculation was considered to be outside 
the scope of this work.
7 .4  C onclu sion s
Lateral transport and tunnelling have been investigated in single barrier 
diodes, induced by nanometre-scale Schottky gates. The devices display 
quantisation in the transconductance before pinch-off in units of 2e2/h , 
which indicates tha t disorder in the sample leads to the presence of 
a number of ID channels in the barrier potential. The channels are 
believed to arise from fluctuations in the barrier potential, caused by 
the random positions of donor impurities in the AlGaAs layer of the 
heterostructure. The influence of potential fluctuations are also observed 
in the tunnelling regime, where pronounced shoulders appear in the 
differential conductivity with increasing source-drain voltage for fixed 
gate voltage. The shoulders occur at conductivity values lower than 
the conductance quantum, and the results are explained in terms of a 
phenomenological model, involving both tunnelling through the barrier 
at low source-drain voltage and transport through a few ID subbands 
at high source-drain voltage.
In the transport regime at low fixed gate voltage, strong minima are 
observed in the differential conductivity with increasing source-drain 
voltage. This reduction in the conductivity is attributed to the injection 
of electrons into the second subband of the 2DES, which results in a 
decrease in the carrier velocity and in addition, a decrease in the mobility 
due to interband scattering.
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7.5 R eson an t L ateral T u n nellin g  in  D u a l-G a te  D ev ic es .
7.5.1 Introduction
The concept of using nanometre-scale Schottky gates to induce narrow 
tunnelling barriers in a 2DES can be extended to produce the lateral 
analogues of a number of more complicated vertical devices. A variety 
of structures have been proposed, which include dual-gate resonant tun­
nelling diodes [90,59,58], lateral-superlattice-field-effect-transistors with 
either uni-directional or grid-like lattices [91,92], and three terminal de­
vices such as the tunnelling-hot-electron-transistor (THETA) [60]. Al­
though these types of devices have many advantages over their vertical 
counterparts (discussed elsewhere in this thesis) the inherently poor pre­
cision of lithography as compared to epitaxial growth techniques means 
tha t quantum phenomena such as resonant tunnelling are often difficult 
to observe. In addition, the tiny current densities, low operating voltages 
and requirements of low temperature operation lead to the conclusion 
tha t conventional commercial applications are unrealistic, at least with 
current technologies. Despite this slightly pessimistic outlook, multi­
barrier lateral devices provide a useful opportunity to study both lateral 
tunnelling and the physics of a 2DES. A simple example of this is to use 
the confined energy levels present in a double barrier device to perform 
spectroscopy on the 2DES itself.
In this section, a study of a dual-gate, lateral resonant tunnelling 
diode (LRTD) is presented. The device is fabricated using an identi­
cal process to the single gate device described above except th a t the 
gate is replaced by two, 50nm long (in the tunnelling direction) Cr/A u 
gates, separated by a 60nm wide gap. The gates are both connected 
to a single gate finger on one side of the Hall bar, and are thus elec­
trically shorted. A sketch of the structure is given in Fig.7.12. Similar 
devices have been reported by Ismail et al. [58] and Chou et al. [59] 
who used 60:60:60nm and 80:100:80nm (gate:gap:gate) geometries re-






F ig u re  7 .12 : Schematic diagram of the RLTD structure.
spectively and T i /P t  and T i/A u  gate m aterials respectively. In both 
the  reported  devices, resonant tunnelling effects were observed as peaks 
in either I $ d  o r  d l s n / d V s o  as a function of V q d  for constant V s d  a t 
low tem perature. Neither device displayed negative differential resis­
tance (NDR) in the I s d ~V s d  characteristics a t constant V q d , although 
weak features were observed in the source-drain current.
It is im portan t to outline the differences, particularly in the energy 
scales and physical dimensions involved, between vertical and lateral 
resonant tunnelling devices. Resonant tunnelling was discussed in detail 
in C hap ter 2, w ith particular reference to the vertical case. To recap, 
typical vertical structures use rectangular barriers, a few nanom etres 
wide, separated  by a similarly sized well. Barrier heights are generally 
of the  order of a  few hundred meV above the conduction band edge in 
the electrodes and at zero applied bias, depend only on the m aterial 
com bination chosen. For a rectangular well with w idth /, the bound
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state energies E n can be estimated by assuming infinitely high barriers,
*2  2 2
*  =  o t - (7-n >
which shows that the energy spacing of the levels decreases rapidly for 
an increasing well width. It is common for vertical structures with nar­
row wells to contain only a single bound state, a few hundred meV above 
the bottom of the well.
In contrast, field effect lateral devices rely on smooth potential barri­
ers, where both the barrier height and the width of the barriers and the 
well are strongly dependent on the gate-voltage. Exact dimensions and 
energy scales are difficult to measure, but heights of the order of lOmeV 
above Ep  and dimensions at half height of ~  50nm for both the barriers 
and the well are probably typical. Assuming a roughly parabolic shape 
for the potential well means that the energy level spacing is approxi­
mately constant for a particular value of Vgj). Numerical calculations 
in [59] suggest typical energy level spacings in the range of a few meV 
under normal operating conditions.
Since the energy of the first confined state in a vertical diode is gen­
erally much larger than Ep, empty states for tunnelling in the collector 
exist over the whole energy range of the Fermi sea in the emitter, if 
the device is biassed to the resonance condition. This means tha t the 
collector can essentially be ignored in understanding the resonant tun­
nelling process. This is not the case for lateral diodes where the wide 
well and low barriers mean tha t many of the bound states may lie below 
Ep  at zero source-drain bias. This leads to the addition of a further 
constraint to the resonance condition described in Chapter 2, namely 
that the bound state must lie below Ep  in the source (Ep) and above 
Ep  in the drain (Ep)  for resonant current to flow. Fig.7.13a) shows 
a sketch of potential energy profile of a typical device, biassed to the 
resonant condition.
In light of the results for single barrier devices, it must be assumed
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tha t any 2D double barrier device can also be considered to be a par­
allel array of quasi-ID barriers. Given tha t the expected dimensions of 
the potential fluctuations (~  lOOnm [81]) are of the same order as the 
length of the device (in the tunnelling direction), it is assumed that the 
two barriers in each quasi-ID potential are roughly similar in size. In 
addition, the inhomogeneity in the barriers will result in a broadening 
in the quasi-bound state energies in the quantum well.
7.5.2 Experim ental R esults
Experimental results are presented for a single LRTD with the dimen­
sions described above. The device is one of three that were patterned 
on the same Hall bar sample; of the other two devices, one had a break 
in the gates, preventing the closure of the channel, and the second dis­
played only very weak resonant tunnelling characteristics. Electron mi­
crographs of a typical LRTD, fabricated on a GaAs test sample are 
shown in Chapter 4. All the measurements presented in the following 
were performed at a temperature of 1.5K without illumination of the 
sample, using the methods described above and in Chapter 5.
Resonant tunnelling was studied in the LRTD by using the two vari­
able parameters Vsd  and Vqd to move the quasi-bound state energies
m C
in the quantum well relative to Ep,  the Fermi level in the source. As
with the single barrier devices, data were taken in two different modes
of operation,
1. I s d  measured as a function of Vq d  for fixed Vs d •
2. I s d  measured as a function of Vs d  f°r fixed Vq d -
In common with the SLDT samples, leakage currents between the gate 
and drain were found to be smaller than minimum current sensitivity 
of IpA in the voltage ranges used. Note that all the measurements 
are of source-drain current Isd  and n°f differential conductivity as was 
generally shown for the single gated devices.
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7.5.3 Characteristics for Constant Source-Drain Voltage
Fig.7.13b) and c) show characteristics for the LRTD operated in Mode 
1 with Vsd =0.1mV. The device exhibits a very sharp reduction in Isd  
for negative gate voltages larger than -0.25V, and the 2D channel is 
pinched-off for Vq d  ~-0.4V. In the gate voltage region just after pinch- 
off, a number of strong current resonances are observed, of which three 
show negative transconductance. The peaks become sharper and more 
clearly defined for the largest negative values of Vq d  and the magnitude 
of the peak current decreases. The last two peaks (shown in Fig.7.13c)) 
are almost symmetric in Vq d  and have very large peak-to-valley ratios 
(PVR’s) of 12.9 and 30.3. These data were qualitatively reproducible 
after warming to room temperature and re-cooling to 1.5K.
The characteristics are interpreted purely in terms of resonant tun­
nelling through quasi-bound states in the quantum well. W ith increasing 
|V(7£)|, the states in the well move upwards in energy as the height of 
the barriers increases. As each state passes the energy range of filled
r» r\
source states and empty drain states (Ep  > E n > Ep) ,  resonant cur­
rent can flow, resulting in a peak in Isd- For small barrier heights above 
Ep  (small \Vq d \ above pinch-off), the component of the current due to 
non-resonant tunnelling is relatively large and the peaks are not well 
defined. As the barrier height increases, the non-resonant current is 
suppressed and the valley current drops almost to zero. The reduction 
in the peak height with increasing \Vq d \ can be attributed to a decrease 
in the transmission coefficients of the barriers with increasing barrier 
height. Further current peaks would be expected at still more negative 
gate voltages, but were below the resolution of the measurement appa­
ratus.
The results are consistent with the picture of an inhomogeneous bar­
rier potential, and it is probable tha t the majority of the resonant current 
flows at the lowest saddle points in the potential. In support of this, at-
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F ig u re  7.13: a). Sketch of the subband energy profile for a LRTD for fixed 
V q d  and small V s d • For this profile, resonant tunnelling can occur through 
the bound state indicated by the dotted line. Tunnelling via lower energy 
states is blocked by the filled states in the drain, b). Source-drain current 
I s d  a function of the gate voltage V q d  for a constant source-drain voltage 
VsD=0.1mV. c) The same data on an expanded current scale. The two peaks 
have PVR’s of 12.9 and 30.3
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tention is drawn to the very tiny resonant currents flowing (< In A). 
These values are of the same order as those measured in some quantum 
dot structures [93] whose dimensions (~  lOOnm) are of the order as the 
estimated width of the potential fluctuations here.
An alternative explanation for the data needs to be considered; reso­
nant tunnelling through a dot-like quantum well in the barriers, induced 
by a positively charged background donor impurity, as was observed in 
a split gate device by McEuen et al. [78]. Although there are qualitative 
similarities between the two sets of data, this interpretation is consid­
ered unlikely for the following reasons. Firstly, assuming the impurity 
is situated within the ^-direction extent of the electron wave function
  4 i Q
in the 2DES, and taking a background impurity density of ~  10 cm " , 
the number of impurities under the gate area can be calculated as ~  1. 
A quantum well induced by the electric field from a charged impurity 
would need to lie at roughly the geometric centre of the two barriers to 
support a significant resonant current. Given the small number of impu­
rities in the plane of the 2DES under the gate, this is considered highly 
improbable. In addition, although resonant effects were only seen in one 
of three devices measured, the data were reproducible over warming and 
cooling cycles, which is generally not the case for effects associated with 
impurities [78].
The influence of the source-drain voltage on the Mode 1 character­
istics is shown in Fig.7.14 for values of Vsd between 0.1 and 5mV. As 
Vsd  1S increased, both the peak current and the non-resonant current 
rise sharply, leading to a strong reduction in the PVR’s. As an example, 
for Vsd  =0.5mV the PVR’s for the two most sharply defined peaks fall 
to 3.5 and 13.7 compared to 12.9 and 30.3 for Vsd  =0.1mV. This can 
be understood in terms of the transmission coefficients for both reso­
nant and non-resonant current, which increase as the potential profile 
becomes tilted down in energy. Tilting the potential profile will also 
reduce the bound state energies in the well in relation to Ep. This effect
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F ig u re  7 .14: Source-drain current Isd as a, function of the gate voltage
V g d  f°r different values of the source-drain voltage V s d • Inset shows a mag­
nified view of the curve for Vsd =5mV in the region of the arrow, indicating 
two additional current resonances that occur at large |Vg?Z>|*
can be observed in Fig.7.14 where the peak positions tend to slightly 
more negative values of Vqd with increasing Vs d • A further influence 
of increasing Vsd is to increase the offset between Ep and E p, i.e. the 
energy window in which a bound sta te  can remain in resonance becomes 
wider. It is plausible th a t this accounts for the broadening of the cur­
rent peaks th a t occurs with increasing Vsd  in the experim ent, although 
the broadening does not increase monotonically with Vsd  as would be 
expected from this simple model.
At the  highest source-drain voltage studied (Vsd  =5m V ), the first
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three peaks are no longer observed, and the fourth remains only as a 
shoulder. This is attributed to the strong asymmetry that exists in 
the potential profile at high Vs d > where the upper energy levels are no 
longer confined in the well and no longer support resonant tunnelling. 
For Vsd  =5mV however, two small additional peaks are resolved (shown 
on the inset of Fig.7.14) at more negative gate voltages. These are as­
signed to resonant tunnelling via states low down in the quantum well. 
At low VsD'> tunnelling via these states is suppressed, since the large 
gate voltages required to bring them close to E F result in a vanishingly 
small transmission coefficient.
7.5.4 Characteristics for Constant G ate Voltage
Previous authors have shown that the negative differential resistance 
(NDR) features, characteristic of the I-V  properties of vertical RTD’s 
(see Chapter 2), are difficult to resolve in the Mode 2 characteristics of 
their LRTD analogues. As examples, in both [59] and [58], evidence for 
resonant tunnelling in the I sd -Vsd  characteristics is only seen as weak 
shoulders in the current.
Fig.7.15a) shows an Isd-V sd  characteristic of the LRTD studied 
here, for a single value of Vq d  chosen to lie between the two well defined 
current peaks in the Mode 1 characteristics. For this device a strong res­
onance exists in the current, which shows pronounced NDR (Fig.7.15b)) 
and a PVR of 1.15. The current increased roughly exponentially for 
higher values of Vs d  i and no further features were observable in either 
Isd  or the numerical derivative d ls o l ^ S D • Note tha t as with the Mode 
1 data, the magnitude of the resonant current is small, indicating tha t 
the current may be flowing at a single quasi-ID point in the electrostatic 
potential.
Fig.7.16 shows the Mode 2 characteristics over the range of Vq d  
in which this single current resonance was observed. For the smallest
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F ig u re  7 .15: a) I s d -V s d  characteristic for the device at a gate voltage
Vqd=-0.436V, showing a strong current resonance and pronounced NDR. b) 
Numerical derivative of the IsD'VsD characteristic.
value 1(7£)=-0.432V, the current shows a straightforward non-linear de­
pendence on V sd • W ith an increase of only 2mV in \V q d \ the current 
resonance is strongly resolved, with an onset a t Vsd  ~  0- Subsequent 
small increases in \V q d \ shift the resonance to higher V s d  where it fi­
nally becomes smeared out and remains as only a weak shoulder in the 
current. The onset of the exponentially increasing, non-resonant cur­
rent in each case shows the expected monotonic shift to higher V sd  with 
increasing No resonant features were observed in the current in
other gate voltage ranges.
These d a ta  can be explained within the picture of resonant tunnelling
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F ig u re  7.16: Mode 2 characteristics for the LRTD for six values of the
gate voltage Vqd between -0.432V and -0.440V.
through a single quasi-bound state (with energy at equilibrium) in 
the quantum well. Given tha t non resonant tunnelling is observed for 
Vsd 0 and Vqd =  —0.432V it is assumed that lies below E F, 
and therefore the state is occupied in equilibrium. This situation has 
been studied previously for a vertical resonant tunnelling diode with a 
triangular quantum well [94]. The authors in [94] proposed tha t ow­
ing to the presence of strong electron-electron scattering, tha t resonant 
tunnelling through an occupied bound state in a quantum well is only 
poorly resolved in the current. This picture is consistent with the data 
of Fig.7.16 where no current resonance is observed for V q d  =  —0.432V. 
With a small increase in |Vg£)|, the peak in I $ d  appears, with an onset 
at Vsd  0, which implies th a t the E ^  is situated at the Fermi energy.
fi C .For E N > E f , the quasi-bound state state is not occupied and hence 
the electron scattering mechanism no longer exists.
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Subsequent increases in |Vc?£)| cause a monotonic increase in the size 
of the barriers and result in a shift of E®N to higher energies. This is 
manifested in the observed shift in the resonance position to higher Vsd 
with increasing |Vg£)|. For the highest values of \Vq d \ shown it is as­
sumed that resonant component of the current becomes small, due to 
the strong asymmetry that exists in the two barriers at large Vs d • For 
this case the current resonance becomes obscured by the non-resonant 
component of the current.
7.6 Conclusions
In conclusion, lateral resonant tunnelling in a 2DES has been demon­
strated in a double barrier device, induced by nanometre-scale Schottky 
gates. The device exhibits strong resonances in the source-drain current 
as a function of the gate voltage near pinch-off for constant source-drain 
voltage. The two strongest resonances show peak-to-valley ratios of 12.9 
and 30.3. Pronounced negative differential resistance is observed in the 
source-drain current-voltage characteristics in only a narrow range of 
fixed gate voltages.
The results can be explained within a standard model of resonant 
tunnelling. Taking into account the results for single barrier structures 
and the small magnitude of the peak currents measured, it is proba­
ble that resonant tunnelling only occurs at weak points in the barrier 
potential.
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8 Lateral Tunnelling in a Perpendicular Mag­
netic Field
8.1 Introduction
Experimental evidence supporting the edge state picture of the inte­
ger quantum Hall effect has been widely published (see [47] for a re­
view) since Biittiker’s proposal that quantum Hall plateaus could be ex­
plained in terms of perfect reflection and transmission of ID channels at 
the sample contacts. Many of the reported experiments have confirmed 
the validity of the Landauer-Biittiker (LB) formalism by modifying the 
transmission or reflection coefficients for different edge channels in the 
sample itself with the introduction of a potential barrier to the current 
flow.
An elegant demonstration of this kind was reported by Haug et al. 
[95,96] who studied a Hall bar sample with a 10^m wide Schottky gate 
bisecting the two voltage probes (see Fig.8.1a)). Applying a negative 
voltage to the gate causes a local electron depletion of the 2DES under 
the gate, which can be regarded as a low potential barrier to electron 
transport. In a perpendicular magnetic field, partial depletion of the 
2DES under the gate will result in different filling factors v in gated and 
ungated regions of the sample. In the edge state picture, when integer 
values of v exist in both regions, edge states will either be completely 
reflected or transm itted at the barrier (Fig.8.1b)) and the sample resis­
tance can be simply predicted using the LB formalism. This approach 
is verified in the experiment where the four terminal resistance #23 was 
measured as a function of the gate voltage (sketched in Fig.8.1c)) for a 
constant current /14 at fixed magnetic field. #23 displays quantised val­
ues in particular gate voltage regimes which correspond to near integer 
filling factors under the gate. The quantised values agree exactly with 
those predicted by the LB formula.
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Although such experim ents have confirmed a large num ber of predic­
tions made by the edge sta te  model, definitive proof th a t the current 
flows only a t the edges of the sample does not exist to date [47].
In general, experiments using wide potential barriers, can only be
a)
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F ig u re  8.1: Edge state reflection and transmission at a wide potential
barrier in a strong perpendicular magnetic field, a). The sample geometry 
with a 10pm wide Schottky gate across the Hall bar. b). Schematic diagram 
of the edge state trajectories in the gate region (indicated by the dashed line) 
for a bulk filling factor l/f, = 2 and a filling factor under the gate vg = 1. c). 
Sketch of experimental data from Haug et dl. [96]. The plateau at i?2,3 = h /2e2 
occurs for the gate voltage range where the filling factor under the gate v9 = 1.
used to  study effects involving complete reflection or transm ission of edge 
states. If, on the other hand the potential barrier is made high (>  Ep),  
bu t also very thin (<  lOOnm), then the only transport mechanism avail­
able to  electrons a t low tem perature is tunnelling between edge sta tes
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on both sides of the barrier. Since tunnelling processes are sensitive to 
the density of states in the electrodes, tunnelling experiments should 
provide a useful method for studying edge states in a 2DES.
In the following sections, a model of lateral tunnelling between edge 
states is presented and used to predict the properties of both SLTD’s and 
quantum trench diodes in a perpendicular magnetic field. The predic­
tions are then compared to experimental data for both types of device, 
and the comparison is used to discuss the validity of the edge state 
picture in relation to this kind of tunnelling problem.
8 .2  M o d e l o f  T u n nellin g  B etw een  E dge S ta tes
The model of lateral tunnelling between edge states described in the 
following sections was first proposed by Tejedor et al. [97], who con­
sidered the ideal case of two, 2D electrodes, separated by a trapezoidal 
barrier with a barrier height much larger than the Fermi energy. In a 
perpendicular magnetic field, the trajectories of all edge states incident 
on the barrier are deflected to the opposite edge of the sample, a  sit­
uation sketched in Fig.8.2. A longitudinal current can therefore only
X
C ontact Barrier Contact
F ig u re  8.2: Schematic representation of ideal 2D electrodes separated by 
a thin barrier. The arrowed lines indicate the trajectories of the reflected edge 
states. The dashed arrow represents a possible tunnelling path between two 
edge states with a transmission probability T
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be supported by electrons which tunnel between edge states on oppo­
site sides of the barrier and cannot be described using the LB scheme. 
Working within the Landau gauge (see Chapter 3) with a vector po­
tential A  =  (0, B x , 0) gives solutions to the Schrodinger equation (SE) 
which are plane waves in the ^-direction. Thus, in common with tun­
nelling in zero magnetic field, tunnelling processes between edge states 
on either side of the barrier must conserve parallel momentum ky in the 
absence of scattering.
Tejedor’s model is based on the idea tha t for a finite barrier height, 
when edge states in the source and drain are only very weakly coupled, 
the edge states dispersions from the source and drain can be considered 
independently and will intersect in the barrier region at well defined 
crossing energies. This is outlined schematically in Fig.8.3 which shows 
the edge state dispersion as a function of the orbit centre coordinate x q  
in the barrier region. It is important to note tha t while the orbit centres 
can lie within the barrier, classically, the electrons themselves perform 
skipping orbits along its outer edge. The crossing points indicate states 
from source and drain which have the same energy and parallel momen­
tum  (ky ~  x q )  and hence tunnelling processes via these states (generally 
referred to as tunnelling channels) can conserve total energy and parallel 
momentum. All other tunnelling paths require a scattering event such 
as phonon emission or capture and are thus strongly suppressed. Spin 
splitting is ignored in this part of the model, as is any broadening of 
the Landau levels in the barrier region, and it is therefore convenient to 
define a new spin-degenerate filling factor v' where v1 =  z//2. Further­
more, zero temperature is assumed in all the calculations.
Increasing the magnetic field in such a system, at a constant source- 
drain bias V$Di increases the energies of the tunnelling channels in the 
barrier. As each channel rises above the Fermi energy in the source 
Ep{B)  it will no longer be available for tunnelling and the current will 
decrease in a step-like manner. Conversely, increasing Vsd at constant





F ig u re  8.3: Energy dispersion of the N=0 and N=1 edge states cls a
function of the orbit centre coordinate xq (spin splitting ignored). Eq (xo) is 
the electrostatic barrier potential with an applied bias Vsd and E f and Ep 
are the Fermi energies in the source and drain respectively. The black circles 
in the blown up region indicate crossings between edge states.
r»
magnetic field will cause new channels to fall below the E p( B) ,  resulting 
in step-like increases in the current. In addition, for the magnetic field 
range where v < 1 in the source, no tunnelling channels exist below 
E p( B)  and the model predicts th a t no current should flow if broadening 
and spin splitting are ignored in the Landau levels.
Based on this model, the current-voltage properties of a lateral diode 
in a perpendicular magnetic field should exhibit a very detailed spec­
trum  of current resonances. The observation and evaluation of such a 
resonance spectrum  would add strong support to the edge sta te  picture 
of a 2DES in a perpendicular magnetic field.
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8.3  T h eory
The aim of the following analysis is to develop a basis for the calcu­
lation of the resonance spectra for both SLTD’s and quantum trench 
diodes in a perpendicular magnetic field, within the framework of Teje- 
dor’s model. Unlike the discussion in [97] however, the starting point 
for both calculations is a smooth electrostatic potential barrier profile. 
For the gated devices, the potential is modelled phenomenologically as 
a simple inverted parabola for reasons discussed in later sections. For 
the quantum trench structures, the numerical potentials, calculated in 
Chapter 6 are used.
Making the approximation once again that the barrier is infinitely 
long in the y —direction means tha t the edge state dispersion in the bar­
rier region can be obtained from a ID Schrodinger equation as a function 
of the magnetic field for different values of the applied bias. The crossing 
points between source and drain edge states can then be calculated as a 
function of the magnetic field and compared to Ep(B)  which oscillates 
in a perpendicular magnetic field. In this way, a detailed spectrum can 
be developed, showing values of B  and Vsd  f°r which the crossing points 
and E F{B) are coincident in energy, and hence where resonances should 
occur. Although methods for calculating the tunnelling current exist 
[97] they go beyond the scope of this work.
8.3.1 M ethod for C alculating the Edge State D ispersion
The ID Schrodinger equation (SE) in the plane of a 2DES was given in 
Chapter 3 in the Landau gauge A — (0, Bx,  0) as,
"2m* dx^  +  ~2m*(X ~ X° ^  + ^  ^  ^  =  EN’ks ^ x ~  *<>)•
(8.1)
Solutions take the form,
\If ( x ,y ) =  exp{ikyy)^{x  -  x q ) (8.2)
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where the  orbit centre coordinate xq = Uky/eB  and E q (x ) is the elec­
tro sta tic  potential.
The edge sta te  calculation trea ts  the left and right hand sides of the 
potential barrier separately. Far from the barrier, solutions to the SE are 
simple bulk Landau levels w ith eigenvalues E jy =  ( N  +  l /2 ) /k jc- W ithin 
roughly a magnetic length of the  barrier region, where the electrons feel 
the electrostatic potential, the eigenvalues increase sharply and the SE 
is solved numerically assuming th a t the wavefunction has a node a t the 
maximum of the electrostatic barrier.
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F ig u re  8.4: Calculated edge state dispersion as a function of xq for a 45meV 
high quantum trench potential barrier under an applied bias of 30mV. The 
magnetic held is 2T and the dashed line indicates the electrostatic potential 
Ee0'(xo)
culated for orbit centres xq lying a t O.lnm intervals underneath the
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geometric centre of the barrier up to a point three magnetic lengths be­
yond its outer edge. To calculate values for Ejv, the following iterative 
method is used for each value of the magnetic field B.  Starting at the 
outer edge of the x q  range, an initial value is chosen for E/v, based on the 
corresponding bulk Landau level energy. For this eigenvalue and using 
an electrostatic potential E q ( x q), the SE is solved for the electron wave 
function ij)(x) over an arrange of three magnetic lengths either side of the 
x q  coordinate. The eigenvalue is assumed to be correct if the calculated 
wave function has the correct number of turning points (M  =  2(iV+ 1)) 
for the particular edge state index N  and if
\P(:r) —» 0 for x  < <  x q
ty(x) —► 0 for a; > >  x q  (S .3)
If these conditions for ty(x) are not fulfilled, E n  is updated and the 
procedure repeated.
Fig.8.4 shows the calculated edge state dispersion for a model poten­
tial barrier of a typical quantum trench diode in a magnetic field of 2T. 
The zero bias barrier height was 45meV, and the calculation was made 
for an applied bias of 30mV.
8.3.2 The Fermi Energy in a Perpendicular M agnetic F ield
The oscillatory behaviour of the Fermi energy Ep{B)  in a 2DES under 
the influence of a perpendicular magnetic field has been widely stud­
ied both experimentally and theoretically (see for example [98] and [99] 
respectively). At zero temperature, Ep(B)  is defined as the energy of 
the uppermost occupied state in the Fermi sea, and can therefore be 
calculated for a 2DES from the set of equations,
p A E
Ep{B)  =  E q +  I D2o(E)dE  (8.4)
Jo




n 2D  =  / D2D(E)dE  (8.5)
for U2d electrons and a 2D density of states (DOS) D2d(E).  The form of 
the DOS was discussed in some detail in Chapter 3, and can be modelled 
as a sum of Gaussian functions,
x r . ,  x2-
Dw {E) = nL Y ^ - = e x p (8.6)
where n i  is the number of electrons in each Landau level and T is the 
level broadening, ______
r  =  (8 -7 ) Y 7Tm * T Q
The splitting of the Landau levels due to the electron spin is included 
as the Zeeman term in the level energy,
E n , s  =  (A  +  |)7*wc +  sg* p q B  (8.8)
where g* is the enhanced Lande g-factor. g* contains many-body correc­
tions due to the Coulomb interaction between electrons in spin-up and 
spin-down states. A simple model for calculating the g* was published 
by Berg et al. [100] as,
* 1 At “  N\
9* = 9  + ----- E xc^ — ^ -  8.9
gUB N 1 +
where Aj- and N are the numbers of electrons in spin-up and spin-down 
states respectively and g =  —0.44 for GaAs. E Xc is an electrostatic 
exchange interaction energy between electrons and E Xc =  6meV. From 
Eqn.8.9 it can be clearly seen tha t the enhanced g-factor is proportional 
to the difference in the number of spin-up and spin-down electrons in the 
uppermost occupied Landau level. More exact methods for calculating 
g* are given in [101].
Fig.8.5 shows the Fermi energy, calculated using Eqn.8.4-8.9 as a
• • 11 Qfunction of B  for a 2DES with n2D =  2.5 X10 cm . Also plotted on the











F ig u re  8 .5: Calculated Fermi energy as a function of magnetic field for an 
electron density n2D — 2.5 x 1011 cm~2 and a scattering time tb = 5 x 10-12 
seconds.
figure are the delta function Landau level dispersions Ejy = (N+l /2)h( j jc
 1 n
for values of N from 0 to 6. A value t q  =  5 X 10 seconds was taken 
for the mean time between scattering events, which effectively defines 
the Landau level broadening. This value of r#  was chosen to give a  good 
fit between E p (B )  and experiments described in [99].
The calculated d a ta  in Fig.8.5 show the well known sawtooth oscilla­
tions which occur in E p  w ith increasing magnetic field. For most values 
of £ ,  E p ( B )  is pinned a t the large density of states in the centre of the 
upperm ost occupied Landau level. The sharp drops occur during the 
rapid depopulation of the small DOS th a t exists between each Landau 
level. Note th a t with the value of tq taken for the calculation, drops in 
E p (B )  a t odd-integer values of the filling factor (spin states) are only 
observed as a weak feature for v =  1. The inclusion of spin effects is
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however justified as they have a strong influence on the DOS and there­
fore the magnitude of the sawtooth oscillations.
8.3.3 M ethod for Calculating Resonance Positions
Within the framework of the model outlined above, resonances in the 
differential conductivity of a lateral tunnelling device are expected when­
ever the source-drain voltage and magnetic field conditions are such that 
a tunnelling channel passes the Fermi energy in the source of the de­
vice. To illustrate the mechanism for calculating resonant values of B  
and Vsdi the model barrier potential for a quantum trench device from 
Fig.8.4 with an applied bias of 70mV is used as an example. Taking in 
this case a range of magnetic field values between 1.5 and 5T, the edge 
state dispersion is calculated in both the source and the drain to give 
defined energies at which the states intersect.
The energies at which the N=0 level in the source and the N=0...3 
levels in the drain cross are plotted on Fig.8.6 for each value of the mag­
netic field. The label “SODO” denotes the intersection between N=0 in 
the source and N=0 in the drain and so on. Also plotted on Fig.8.6 is the
n
position of EF( B ), the Fermi energy in the bulk of the source electrode. 
For this value of the source-drain voltage V$Di the four tunnelling chan- 
nels pass E F(B)  (indicated on the figure by open circles) at magnetic 
field values of 2.75, 2.59, 2.56 and 2.41T for channels SODO to S0D3 
respectively. At these points a step in the current and a peak in the 
differential conductivity would be expected. Note however tha t the size 
of each resonance will depend strongly on the transmission coefficient 
for the respective tunnelling channel, and hence measurable tunnelling 
effects will not necessarily be observed for every channel predicted by 
the model. This point is discussed in more detail below.












F ig u r e  8 .6 :  Calculated edge sta te crossing energies as a function of mag­
netic field for the electrostatic potential of Fig. 8.4 with an applied source-drain 
voltage Vsd  =  70m V . Data shown are for the the N  =  0 source level and 
N  =  0...3 levels in the drain and the points at which the crossings pass the 
Fermi energy are indicated by the large open circles.
8.4 R esu lts for G ated  Single Barrier D iod es
The following sections describe a comparison between calculations based 
on the theoretical analysis described above, and experim ental magnetic 
field d a ta  for the two SLTD devices A and B whose zero field properties 
were described in C hapter 7. To reiterate the experim ental details and 
results so far, the gates were roughly 50nm long in the ^-direction (tun ­
nelling direction) and bpm  wide in the ^-direction, and were fabricated 
on a  single Hall bar, patterned  on a heterostructure sample. The zero 
m agnetic field d a ta  indicated th a t the barriers are strongly inhomoge- 
neous and th a t current flows through the lowest and th innest regions in
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the potential. The goal here is to study tunnelling effects, and hence the 
devices were operated in the gate voltage regime after pinch-off, where 
the barrier height is larger than Ep{B — 0) over the whole active width 
of the device, for zero source-drain voltage Vs d • In contrast to the work 
on quantum trench tunnelling diodes, a quantitative description of the 
electrostatic barrier was not attem pted for the SLTD devices. Therefore 
the intention of the following sections is to make a purely qualitative 
comparison between experiment and theory, and the electrostatic po­
tential is modelled as a simple inverted parabola.
8.4.1 Calculated R esonance Spectrum
As a basis for an interpretation of the experimental results shown later 
in the chapter, this section presents a calculated resonance fan diagram 
for a model barrier. As a starting point, the ^-direction electrostatic 
barrier potential for the model device in equilibrium was chosen as an 
inverted parabola with height E q (0) and width 2d. For the calculations, 
the geometric origin x  =  0 lies at the centre of the parabola and zero 
energy is defined as the 2DES subband energy at the source. In Chapter 
7, the characteristics of the devices for finite Vsd were discussed in terms 
of a phenomenological model in which a fraction m  of the applied Vsd 
falls across the source-half of the barrier potential and correspondingly 
a fraction (1 — m)  falls across the drain-half. The same approach is used 
here, and assuming tha t none of the voltage falls across the 2D leads, 
the electrostatic barrier potential E q (x ) is given by,
- d  < X  < 0 £§'(*) =  E%‘(0) f 1 -  -  m e V S D  +  (1 -  m)eVSD ( f )
0 < x < d E$(x)  = £oe'(0) ( l  -  +  meVso  (8.10)
where a value m  =  0.25 was chosen to agree roughly with the experi­
mental data shown for B  =  0 in Chapter 7.
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Calculations were made for a model potential barrier using the fol­
lowing parameters;
n2D =  2.85 x 1015m-2 
d =7nm 
£|j'(0) =  25meV
The value of n^o w&s taken to agree with the experimental electron den­
sity obtained from magnetoresistance measurements shown later, and 
the chosen value for E q (0) corresponds to a barrier height above the 
Fermi energy of (E’q^O) — Ep(B  =  0)) «  15meV. To reduce the comput­
ing time, the calculation was restricted to involve only the the first three 
edge state indices (N  =0,1,2) in both the source and in the drain. Note 
tha t although spin splitting effects are not included in the calculation of 
the edge state dispersion near the barrier, the calculation of Ep(B)  does 
include spin. Hence for this model, tunnelling channels involving the 
N  =  0 edge state in the source can exist below Ep(B)  in the magnetic 
field regime where 1 < v < 2 (or 0.5 < v' < 1).
The resonance spectrum for the model barrier was calculated for a 
range of magnetic field values between 1 and 9T at different, fixed val­
ues of the source-drain voltage Vs d • Edge states tha t intersect at an 
energy above the barrier no longer represent tunnelling channels and 
were therefore not included in the results. Thus for each tunnelling 
channel, the maximum value of the source-drain voltage Vsd  used, cor­
responded to the point at which the crossing point energy E C( N s , N d ) 
of the constituent source and drain edge state dispersions (with indices 
Ns  and N d respectively) rose above the maximum in the effective po­
tential energy of the barrier E e^  (x). E q^ ( x ) consists of terms due
to the electrostatic potential barrier E q ( x )  and the magnetic potential
B / \Eq ( x , x o ) ,  and for a tunnelling channel with an orbit centre coordinate 
positioned at xo,
E ' f f (x) = E e0l(x) + E$(x,  x q ) (8.11)
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where,
2 2
Eo ( x , *0) =  "  xof -  (8-12)
The maximum in E q^ ( x ) is assumed to occur on the source side of the 
barrier, at a position x max• Thus, the value of x max for a particular 
tunnelling channel can be obtained from the turning point,
= 0 (8-13)/  xmax
in the expression for the total effective potential,
E f ( x )  =  JBg'C0) ( l  -  +  meVso  ( ^ )  +  ^ ( *  -  *o)2
for 0 < x < d. (8-14)
This gives the position of the maximum effective potential for a tun­
nelling channel with a centre of orbit coordinate xq as
(  edx0B 2 -  mVSDm* \
= e d { e W B > - 2 E ' 0‘(0)m*) ^
and therefore the condition for the maximum value of Vsd used for each 
tunnelling channel can be written mathematically as
E C(NS, N d ) < E e0f f (xmax). (8.16)
For this initial discussion of the model, the influence of the individual 
transmission coefficients on the various tunnelling channels has been 
ignored. Fig.8.7 shows the calculated crossing point energies E C( B , Vs d ) 
for the SODO edge state intersection, as a function of the magnetic field 
for five values of Vsd between 2mV and lOmV. Also plotted on the 
figure is Ep(B) .  Each intersection between E f ( B )  and E c (B ,V s d ) 
represents a single point for the resonance fan diagram. A simple straight 
line extrapolation to Ep(B)  was performed for values of Vs d where no 
intersection with Ep(B)  occurred in the magnetic field range studied.







F ig u re  8.7: Calculated crossing energies of the SODO edge state intersection 
for a 14nm wide, 25meV high parabolic barrier, as a function of the magnetic 
field B for five values of the source-drain voltage Vs d • Aiso plotted is the 
Fermi energy in the source Ef(B) .
Fig.8.8a) shows a subsection of the resulting calculated fan diagram  
involving only the N  = 0  edge sta te  in the source. Each branch of the 
fan shows a monotonic increase in resonant source-drain voltage Vsd  
with increasing magnetic field B . The diverging gradients of the three 
branches reflect the increase in the energy spacing between the three 
tunnelling channels with increasing B . An interesting feature of the 
d a ta  is the steps which occur in each curve a t integer values of v , where 
there is a rapid change in E p ( B )  within a small range of the magnetic 
field. The origin of this effect can be seen clearly in Fig.8.8b) which 
shows a plot of the S0D1 edge sta te  crossing energies E C(B ,V s d ) as a 
function of B  in the v — 2 region, for a closely spaced range of Vs d •
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F ig u re  8.8: a) Calculated fan chart for the SODO (solid circles) S0D1 (solid 
squares) and S0D2 (solid triangles) edge state intersections. The magnetic field 
positions of the filling factors u' are indicated by the arrows, b) Calculated 
crossing energies of the S0D1 edge states as a function of the magnetic field 
B for five values of the source-drain voltage Vsd • For this range of Vsd the 
intersections with Ep(B) occur at a roughly constant value of B and are 
indicated by the enclosed region on the fan diagram in a).
From the figure, it can be seen th a t despite the increasing source-drain 
voltage, the intersections w ith E p ( B )  occur a t an almost constant value 
of the magnetic field, leading to a step in the corresponding branch of 
the fan chart. In this way the  fan chart is like an inverse signature of 
Ep (B) ,  i.e. drops in the position of E p (B )  lead to an increase in the 
source-drain voltage position of each resonance.
To conclude this prelim inary discussion of the model results, Fig.8.9 
shows the full calculated fan diagram  including the N  =0,1,2 edge states 
in both  the source and the drain. The model predicts a  very dense range
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F igure 8.9: Calculated fan diagram for tunnelling channels involving the
N  = 0,1,2 edge states from the source and drain. Each branch of the fan is 
calculated for the range where the corresponding edge state crossing energy 
lies below the maximum of the total effective potential barrier Eq^ ( x)
of resonant values of VgD^ particularly  for small values of B  (y  > 2). 
The inclusion of edge states with indices N  > 2 would clearly contribute 
fu rther branches to the fan diagram , although for large values of B  it 
is assumed th a t the energy of these edge sta te  intersections would lie 
above E e^  (x), and hence they would not represent tunnelling channels.
8.4.2 T ransm ission Coefficients
The model of tunnelling between edge states has until now been simplis­
tic in th a t it ignores the individual transmission coefficient associated
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with each particular tunnelling channel, which will strongly influence 
the respective resonance strength. Here again it is im portant to  stress 
th a t the tunnelling channels relate parallel momentum and to ta l energy 
of electrons on both  sides of the barrier and do not represent electronic 
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F ig u re  8 .10: a)-c). Total effective potential Eq^ ( x) (solid lines) for a
magnetic field B =5T for three tunnelling channels with different orbit centres 
xo. The electrostatic potential E q ( x )  (dotted lines) is also indicated on each 
panel and the source-drain voltage Vsp=10mV. d)-f) Total effective potential 
for the same magnetic field for a single tunnelling channel (xo=15nm) for three 
values of the source-drain voltage Vsd •
tunnelling channel is therefore determ ined by the to ta l effective po ten­
tial barrier E q^ ( x ) seen by electrons in the corresponding source edge
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state. Panels a) to c) on Fig.8.10 show example calculations of the to­
tal effective potential (#), derived from Eqn.8.11, for three notional 
tunnelling channels at a magnetic field B  =  5T. The tunnelling chan­
nels have orbit centre coordinates x q  positioned at 0, 15 and 20nm on 
the source side of the barrier (panels a) to c) respectively) and the ap­
plied source drain voltage V sd— 10mV. From the figure it can be seen 
clearly tha t the maximum of the effective potential barrier is minimised 
for tunnelling channels with orbit centres near the geometric centre of 
the electrostatic barrier. The orbit centre coordinate is however not the 
only important parameter with a bearing on the transmission coefficient. 
For a particular value of the magnetic field B , the size of the effective 
potential barrier is also reduced with increasing Vsd> owing to the re­
duction in the height of the electrostatic barrier. This can be seen in 
the lower panels of Fig.8.10, which show the calculated effective poten­
tial for a tunnelling channel with x q  =15nm, for source drain voltages 
V s d —0? 10 and 20mV (panels d) to f) respectively) at a magnetic field 
B  =  5T. The transmission coefficients are therefore maximised for tun­
nelling channels involving drain edge states with high indices, since these
rr
tunnelling channels only fall below Ep(B)  for large values of Vs d •
Based on these assumptions, it is possible to state tha t as a general 
rule, the transmission coefficient for a particular tunnelling channel is 
determined by a trade-off between the indices of the component edge 
states, and the orbit centre coordinates at which they cross. To obtain 
the relative weighting of each partner in this trade-off would require a 
detailed calculation of the transmission coefficients for each tunnelling 
channel which lies beyond the scope of this work. In addition, given 
that for an experimental device, the transmission coefficients are deter­
mined by the quantitative details of the electrostatic barrier potential 
E q ( x ), such calculations for this simple parabolic model would provide 
only limited agreement with the experiment. However, these numerical 
studies show tha t for low, narrow barriers such as those studied here,
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the orbit centre coordinate for each tunnelling channel is only weakly 
dependent on the indices of the edge states involved, and thus higher 
index crossings will dominate if available.
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8 .4 .3  E x p e r im e n ta l  R e s u lts
In common with the zero field data , the measurements described in this 
section were taken a t a  tem perature of 22mK w ithout illum ination of 
the sample. Initially, m agnetotransport experiments were performed on 
an unstructured region of the Hall bar to determ ine the magnetic field 
positions of the integer filling factors i/, and hence to infer the electron 
density n%D in the 2DES. Fig.8.11 shows a plot of the magnetoresis- 
tance pXx as a function of the magnetic field B  (the Shubnikov-de Haas 
oscillations), measured using a four-term inal, AC lock-in m ethod. The
200
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F ig u re  8 .11: Shubnikov-de Haas oscillations in the magnetoresistance
(pxx = Vx/ I x), obtained from an ungated region of the Hall bar at a tem­
perature of 22mK. The curve was measured using an AC lock-in technique, 
with the measurement configuration shown in the inset. The magnetic held 
positions of some of the integer filling factors are indicated by the arrows.
electron density can be calculated using Eqn.2.24, from the gradient of
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a plot of the magnetic field positions of the minima in pXx against the
11  2
corresponding filling factor v. This gives a value n2D =  2.85 X 10 cm , 
which is assumed to be constant over the whole Hall bar area.
8.4.3.1 M agnetic Field D ata
Experimental data are presented for devices A and B at constant values 
of the magnetic field B  between 0 and 12T. As indicated earlier, the mag­
netic field direction was always perpendicular to the plane of the 2DES. 
The devices were characterised in Mode 2, in which the differential con­
ductivity dlsoldVsD  was measured as a function of the source-drain 
voltage Vs d ? f°r a fixed value of the gate voltage Vqd (Vqd =-0.75V 
and -0.85V for A and B respectively). This mode of operation was cho­
sen to enable a direct comparison with the calculated results described 
earlier in which Vsd  is also the varied parameter.
Fig.8.12 shows a subset of the results for device A for values of 
the magnetic field B  between 0 and 7T. In the zero field trace, a sin­
gle weak shoulder in each source-drain bias direction can be resolved in 
dlsD/dVsD • These features were discussed in detail in Chapter 7 and are 
associated with transport through a ID subband above a saddle point 
minimum in the barrier potential. Note tha t these data were taken on 
a different cooling cycle to that shown for device A in Chapter 7, where 
the shoulders in dlsD/dVsD  were more pronounced. Based on the anal­
ysis of Section 7.3.2, the voltage position and magnitude of the shoulder 
imply a critical voltage V§D «  6mV and a value m  «  0.25. This enables 
a rough estimate of the barrier height at the lowest part of the electro­
static potential from Eqn.7.10 as (£q*(0) — Ep) «  1.5meV for B  =  0. 
The same analysis, performed for device B indicates a minimum barrier 
height (Ee0l(0) -  Ef.) 1.3meV. Note however, tha t the total effective 
potential barrier height E q^ ( x )  rises rapidly with an applied magnetic 
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F ig u re  8.12: Differential conductivity of device A for an applied gate
voltage of -0.75V at fixed perpendicular magnetic fields between 0 and 7T. 
The data were taken at a temperature T=25mK.
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Returning to Fig.8.12, as the magnetic field is increased, the overall 
conductivity is strongly reduced, and a number of very sharp resonances 
develop in both directions of Vs d - Up to three peaks are resolvable for 
positive Vsd  a t high magnetic field, whereas only a single, broader peak 
can be seen for negative Vs d • For values of B  above 7T (not shown), 
the curves remain qualitatively the same, although both the peak height 
and background conductivity decrease slowly. Increasing the value of 
\Vq d \ resulted in a shift in all the peak positions to higher values of Vsd  
The results for device B, were similar, although only a single reso­
nance in dlsD/dVsD  was observed in both directions of Vs d • Warming 
the devices to room temperature and re-cooling produced quantitative 
changes in both the peak heights and voltage positions, but the basic 
features of the data remained the same.
Fig.8.13 shows a further subset of the device A results, for pos­
itive Vsdi af a dense range of magnetic field values between 6.2 and 
7.5T. These data show clearly tha t with increasing magnetic field in this 
range, both peaks in dlsD/dVsD  disappear, and are replaced by new 
resonances at lower values of Vs d > other words, a clear transition oc­
curs, which is observed for both directions of Vs d > and furthermore, in 
a number of other magnetic field regimes. These transitions can also be 
seen as discontinuities in the Vsd  positions of the resonances, which are 
plotted for device A as a fan diagram in Fig.8.14a), for both directions of 
VsD' Also indicated on the figure are the magnetic field values at which 
integer filling factors occur in the source electrode (inferred from the 
Shubnikov-de Haas oscillations shown in Fig.8.11). Note tha t for this 
two terminal measurement configuration, a proportion of the applied 
source-drain voltage will fall across any series resistances present in the 
contacts, or in the 2D leads of the Hall bar, resulting in a modification to 
the true voltage positions of each peak in dlsD/dVsD • Although for this 
Hall bar the contact resistances are small (~  100f2), for large magnetic 
fields the 2D lead resistance, which is dominated by the Hall resistance,
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F ig u re  8 .13: Differential conductivity for device A as a function of the
source-drain voltage Vsd a range of magnetic field values between 6.2 and 
7.5T. The magnetic field step is 0.1T, and the curves have been offset on the 
x- and y-axes for clarity.
can become quite large. However, a simple analysis of the classical 2D 
Hall effect suggests a value for this series resistance of R$ ~  B/n2De> 
which is more than  an order of m agnitude less than  the resistance of the 
barrier over the magnetic field range used in the experiment. Therefore, 
in the following analysis, the influence of the lead resistance is assumed 
to represent a  negligible correction to the resonance positions, in view of 
the qualitative nature  of the comparison between experiment and the­
ory.
Returning to the fan diagram  of Fig.8 .14a), a  num ber of im portant 
points emerge. Firstly, the shifts in the peak positions with increasing 
magnetic field for positive and negative source-drain voltage are quali­
tatively very similar, although for negative Vs#, a scattered range of ad-
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F ig u re  8 .14: a) Source-drain voltage positions of the conductivity reso­
nances as a function of the magnetic field for device A. b) Comparison of a 
single branch of the fan diagram for devices A and B for positive Vs d  •
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ditional resonances exist at magnetic fields around 2T. These additional 
resonances can also be seen in-part on the B  =2T trace on Fig.8.12. 
Furthermore, the dispersions of the peaks for positive Vsd  are roughly 
parallel with increasing magnetic field. The data also indicate tha t the 
discontinuities in the peak positions occur at magnetic field values just 
after the measured integer filling factors in the source electrode. It 
should be stressed tha t each discontinuity in the fan diagram represents 
the arrival of a new resonance, as opposed to an oscillation in the exist­
ing peak position.
Fig.8.14b) shows the fan diagram for the single peak for positive Vsd  
for device B which displays only a single strong transition in the peak 
position with increasing magnetic field. For comparison, a single branch 
of the fan digram for device A is also included on the figure. Note that 
in contrast to device A, the transition for device B occurs in a magnetic 
field range just before the integer filling factor v =  2 in the source elec­
trode.
8.4.3.2 D iscussion
As a starting point for this discussion of the experimental data, it is pro­
posed tha t the measured spectra of conductivity resonances are a direct 
consequence of tunnelling between magnetic edge states on each side of 
the barrier, and can be explained within the framework of the theory 
presented earlier. To develop this interpretation of the results, attention 
is focussed initially on the lowest energy peak in the conductivity that 
was observed for both devices. For a particular value of the magnetic 
field, this resonance is attributed to the influence of a single tunnelling 
channel falling below E p(B ). In light of the fact tha t the barriers are 
strongly inhomogeneous, this dominant tunnelling process is assumed 
to occur at the thinnest and lowest part of the barrier. Based on the








F ig u re  8 .15: Peak heights as a function of the magnetic held for the
hrst positive Vsd resonance for device A (hlled circles). Also plotted are the 
corresponding peak positions (empty circles), showing that maxima in the peak 
height occur at each discontinuity in the peak position. The arrows indicate 
the magnetic held values at which integer hlling factors occur in the source.
previous assum ptions about transm ission coefficients, the resonance is 
associated with a tunnelling channel made up from the occupied edge 
sta te  in the source with the highest energy (which would see the small­
est effective potential barrier), and a  single edge sta te  in the drain. As 
an example, for the B  = 3T  trace of Fig.8.12, the low energy resonance 
could be assigned to a tunnelling channel involving the N  =  1 edge sta te  
in the source. Exactly which edge sta te  from the drain takes part is un­
clear, bu t it is assumed th a t for a large transmission coefficient, the xq 
coordinate a t the intersection between the two edge sta te  energy disper­
sions must occur near the geometric centre of the barrier. Note th a t this 
interpretation of the d a ta  implies th a t for the m ajority of the magnetic
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field values studied, only a single tunnelling channel has a transmission 
coefficient, large enough for the corresponding resonance to lie within 
the sensitivity of the measurement apparatus.
The logical extension of this argument, is that the transitions ob­
served in the conductivity resonances can be attributed to transitions 
between tunnelling channels involving different pairs of edge states from 
the source and drain. Fig.8.15 shows a plot of the measured amplitudes 
of the low energy resonance in the device A characteristics for positive 
Vs d • Also plotted on the figure are the corresponding peak positions, 
which indicate tha t a maximum in the peak amplitude and hence a max­
imum in the transmission coefficient for the tunnelling channel involved 
occurs just before each transition.
The transitions between different tunnelling channels can be partly 
understood in terms of the behaviour of edge states in the source of 
the device. W ith increasing magnetic field near an integer value of the 
filling factor u, the uppermost edge state in the source will become de­
populated, and in the absence of scattering, tunnelling via a channel 
involving this state will cease. At this point an edge state intersection 
involving the next lower source edge state will become the strongest tun­
nelling channel and its transmission coefficient will gradually increase 
with B  as E p(B )  slowly rises again. In this way, the succession of 
transitions which are observed in the experiment could be assigned to 
transitions between tunnelling channels involving successive source edge 
states.
This argument is consistent with the measured maxima in the peak 
amplitudes before each transition, since the occupied source edge state 
will have maximum energy near integer values of v, and hence the cor­
responding tunnelling channel will see the smallest effective potential 
barrier. Clearly, transitions of this kind should occur for magnetic field 
values at, or near integer filling factors in the source electrode. However, 
although the majority of the transitions in the experimental data do oc­
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cur near integer filling factors, there appears to be no clear systematic 
dependence on filling factor position, particularly when comparing the 
results for the two different devices. One possible explanation for this 
is tha t given the inhomogeneous nature of the potential in the region 
of the barrier, the local filling factor may be perturbed from the bulk 
average value of the Hall bar. In addition it is im portant to remember 
tha t the influence of additional factors, such as the xq coordinate of each 
tunnelling channel may maximise the respective transmission coefficient 
at a magnetic field value, independent of the filling factor in the source.
In spite of the fact tha t the calculated resonance spectrum of Fig.8.9 
is intended to represent only a qualitative simulation of the experimen­
tal data, it still enables the identification of the component edge state 
indices associated with some of the measured resonances. Again, concen­
trating on the low energy peak for device A, a comparison with Fig.8.9 
suggests tha t for B  > 6.3T, the peak is due to the SODO tunnelling 
channel and tha t for 4.5 < B < 6.3T, the S0D2 tunnelling channel is ob­
served. For B  < 4.5T, identification of the component edge states associ­
ated with each peak becomes more difficult, but for 3.5 < B  < 4.5T, the 
resonance could be assigned to the S1D0 channel. To identify the tun­
nelling channels in the low field regime would require a calculation based 
on an accurate model of the electrostatic potential barrier. Fig.8.16 
shows a  comparison between the calculated fan diagram and the exper­
imental fan diagram for the lowest positive Vsd  resonance for device A.
A puzzling feature of the data tha t remains is the presence of the two 
additional peaks in the conductivity for device A, at higher values of 
positive Vsd • It is considered unlikely tha t these resonances simply rep­
resent the contribution from tunnelling channels involving edge states 
with higher indices, since the dispersions of the two peak positions are 
roughly parallel to tha t of the low energy resonance over the whole range 
of the magnetic field. The calculated fan diagram of Fig.8.8 indicates 
tha t in contrast, the Vsd  positions of resonances based on tunnelling
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F ig u re  8 .16: Comparison of the experimental (upper panel) and calculated 
(lower panel) fan diagrams. The experimental data is for the low positive Vs d  
peak for device A. Branches of the calculated fan diagram which best reproduce 
the experimental data are indicated by the full circles.
channels involving differing edge sta te  pairs, tend to diverge with in­
creasing magnetic field.
A more plausible explanation is th a t the additional resonances rep­
resent tunnelling processes involving tunnelling channels with the same 
edge sta te  pairs but occurring a t separate local saddle point minima in 
the inhomogeneous barrier potential. If the difference in the barrier size 
between each minimum in the potential is small, then as a  first approxi­
m ation one might expect th a t the difference in the source-drain voltages 
required to bring a particular tunnelling channel below E f ( B )  a t each
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individual minimum would remain largely independent of the magnetic 
field, as observed in the experiment. This would also explain the differ­
ing numbers of peaks observed for the two devices, since the number of 
dominant minima in the barrier potential depends on the microscopic 
details of the inhomogeneity in the 2DES.
Finally it is important to assess the possibility tha t the resonances 
observed in the conductivity have an origin other than tunnelling be­
tween edge states. An alternative explanation of the data tha t has been 
suggested is that the measured resonances arise from the transmission of 
edge states over the top of the barrier, at a saddle point minimum in the 
potential. At first glance this model seems plausible, given the fact that 
the resonances in dlsD/dVsD  occur in a range of Vsd  in which trans­
port through ID subbands above the barrier was observed for B  =  0. 
This interpretation of the data is however considered unlikely for the 
following reason. Experiments by Nieder [39] and by Haug et al.[95] 
have indicated tha t edge states transm itted over the top of a potential 
barrier contribute only a monotonically increasing amount to the total 
conductivity, up to a maximum of a conductance quantum (2e2/h ). The 
situation is similar to tha t for transport through ID subbands in zero 
magnetic field. Therefore in contrast to the sharp resonances observed 
in these experiments, a step-like increase in the conductivity would be 
expected as each state above the barrier became populated. Although 
transport via edge states above the barrier is discounted as an explana­
tion for the resonances observed in the experiment, for large values of the 
source-drain voltage, where E ^^X m ax) < E p(B ), edge state transport 
above the barrier will dominate the conductivity of the devices.
8.4.4 Conclusions
In summary, lateral tunnelling in single barrier gated diodes has been 
investigated in a perpendicular magnetic field. Theory, based on the
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edge state model of a 2DES in a high magnetic field, predicts tha t tun­
nelling can occur between edge states on each side of the barrier that 
have the same values of total energy and parallel momentum. This con­
dition is represented by the intersection in energy and momentum space 
of the edge state dispersions from the source and drain. A peak in the 
conductivity is expected when each edge state intersection or tunnelling 
channel falls below the Fermi energy in the source electrode of the de­
vice.
A numerical solution to the Schrodinger equation was used to cal­
culate the tunnelling channel energies for a range of source and drain 
edge states for a simple parabolic potential barrier as a function of the 
source-drain voltage and the magnetic field. Including a model of the 
Fermi energy, which undergoes saw-tooth oscillations with increasing 
magnetic field, enabled the calculation of a fan diagram of predicted 
resonance positions. The results predict a monotonic increase in the 
resonance voltage for each tunnelling channel with increasing magnetic 
field. A sharp increase in the resonance voltage occurs for each tun­
nelling channel at integer values of the non-spin split filling factor i/, 
due to the corresponding rapid change in the Fermi energy.
Tunnelling channels with high energies and with centre of motion 
coordinates near the centre of the electrostatic potential see the small­
est effective potential barrier and are assumed therefore to have the 
largest transmission coefficients for tunnelling. From the large number 
of possible resonances, only those with large transmission coefficients are 
expected to be observable in the experiment.
In the experiments, the two SLTD devices studied displayed a range 
of extremely sharp resonances in the differential conductivity as a func­
tion of the source-drain voltage at very low temperatures (22mK). Each 
resonance is attributed to a single, tunnelling channel coinciding with 
the Fermi energy in the source of the device. Given the known inho- 
mogeneous nature of the devices, the dominant tunnelling process is
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assumed to occur at the lowest part of the potential barrier. Additional 
resonances observed for one of the devices at higher source-drain volt­
ages can be interpreted as the influence of the same tunnelling processes 
at secondary minima in the electrostatic potential barrier.
At a range of magnetic field values which show an approximate depen­
dence on the spin-split filling factor u, transitions are observed between 
tunnelling channels based on different edge state pairs. These transitions 
are probably due to the combination of the successive de-population of 
the highest occupied edge state in the source at integer values of the 
filling factor and the influence of the individual transmission coefficient 
of each tunnelling channel. A comparison of the experimental data with 
the calculated fan diagram enables the identification of the edge state 
indices involved in the tunnelling channels observed for large values of 
the magnetic field.
We believe tha t these measurements represent the first experimental 
evidence for lateral tunnelling between magnetic edge states, and fur­
thermore give strong experimental support to the edge state picture of 
a 2DES in a strong perpendicular magnetic field.
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8.5 R esu lts  for Q uantum  Trench D iod es
To complete this chapter, a similar analysis has been performed for tu n ­
nelling in quantum  trench structures in a perpendicular magnetic field. 
Calculations based on the edge sta te  model discussed earlier are com­
pared to experim ental d a ta  obtained for two quantum  trench tunnelling 
diodes which were fabricated on a single Hall bar sample. The estim ated 
depth  of the etched trench for the sample was 55nm and the two diodes 
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F ig u re  8 .17: Arrhenius plots of the thermally activated current as a
function of temperature for devices X  (circles) and Y  (squares). The solid lines 
indicate the gradients used in the calculation of the barrier heights Eq1(0). The 
inset shows the numerically calculated electrostatic potential barrier profiles 
for two model devices with barrier heights comparable to X  and Y.
fabrication m ethod were given in C hapter 4, and note th a t devices X 
and Y were part of a more recent batch than  those described in Chapters
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5 and 6.
As a starting point, the zero magnetic field barrier heights for the 
two devices were obtained from a measurement of the thermally ac­
tivated current, using the method described in Chapter 5. Fig.8.17
shows the resulting Arrhenius plots for low source-drain voltage, in­
dicating a good agreement with the Richardson law over a temperature 
range in excess of 50K. For X and Y, the inferred barrier heights are 
(Eq (0) — Ep)  =  44meV and (Eq^O) — Ep)  =  63meV respectively.
Calculations of the edge state dispersions for the edge state tunnelling 
model were based on electrostatic barrier potentials obtained using the 
numerical methods discussed in Chapter 6. To fit the model potentials 
to the experimental data, trench depths of 45nm and 46nm were chosen 
for devices X and Y to give calculated barrier heights of 45meV and 
58meV respectively. The two model barrier profiles are plotted on the 
inset of Fig.8.17.
8.5.1 Experim ental M agnetic Field D ata
The differential conductivity dlsD /dVso  was measured as a function of 
the source-drain voltage Vsd  f°r devices X and Y at a range of fixed 
magnetic fields between 0 and 12T. The magnetic field direction was 
perpendicular to the plane of the 2DES and the experiments were con­
ducted without sample illumination at a temperature of 1.5K. Mag- 
netoresistance measurements performed on an unstructured region of 
the Hall bar indicate an electron concentration in the 2D electrodes, 
n 2D =  2.52 x 10n cm-2 .
The differential conductivity dlsD/dVsD of device X is shown in 
Fig.8.18 as a function of the source-drain voltage Vsd  f°r a range of 
magnetic field values B  between 0 and 12T. The zero magnetic field 
trace indicates a measurable onset in dlsD/dVsD Vsd  ~80mV, with 
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F ig u r e  8 .1 8 : Differential conductivity d lso /d V sD  as a function of the
source-drain voltage V s d  f ° r  device X  at fixed magnetic field values between 
0 and 12T. The measurements were m ade at temperature of T=1.5K .
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data for device Y were similar, showing an onset in the conductivity for 
Vs d  ft; lOOmV, which is consistent with the larger value for the measured 
barrier height. The characteristics for the devices were approximately 
symmetric in positive and negative Vsd both at zero and finite magnetic 
field, and were reproducible over different cooling cycles, and over typi­
cal measurement periods of a few days.
Returning to Fig.8.18, in common with the gated devices discussed 
earlier, increasing the magnetic field causes a strong reduction in the con­
ductivity, and a shift in the measurable onset to higher values of Vsd- 
For B = 2T (not shown), a number of shoulders can be resolved in the 
curve for both directions of Vsd which evolve to a single pronounced res­
onance for £ = 3 T . The resonance positions shift to higher \Vs d \ with in­
creasing B , and these resonances finally become smeared out for B  «  5T. 
For B  > 5T, additional resonances in dlso/dVsD  become resolved at 
lower \VSd \ which again shift strongly to higher \Vs d \ with increasing
B. Comparable results were also obtained for device Y, although the 
resonances were weaker over the whole range of the magnetic field.
A fan diagram of the resonance positions for device X is plotted in 
Fig.8.19 for both directions of Vsd- For the magnetic field range B  < 8T, 
two distinct branches can be resolved on the fan diagram for both Vsd di- 
rections, which show a strong qualitative similarity to data shown earlier 
for the SLTD devices. At high magnetic fields (B  > 8T) the diagrams 
are no longer symmetric in ±Vsd- For Vsd > 0, additional branches 
evolve near the filling factor v =  1, whereas for Vsd < 0 a strong res­
onance is observed at high \Vs d \ which does not shift monotonically to 
larger values of \Vs d \ with increasing B.
8.5.2 Comparison W ith  the Edge State Tunnelling M odel
The experimental results and analysis of the earlier part of this chapter 
demonstrated the success of using the edge state tunnelling model to in­
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F ig u re  8 .19: Source-drain voltage Vs d  positions of the conductivity res­
onances for positive and negative Vsd f°r device X (empty and filled circles 
respectively).
te rp re t the characteristics of lateral tunnelling diodes in a perpendicular 
m agnetic field. Therefore the same analysis is used in the interpretation 
of these d a ta  and the resonances observed in the conductivity are a t­
tribu ted  to tunnelling channels involving source and drain edge states, 
falling below E F(B).  The separate branches on the fan diagram  shown 
in Fig.8.19 are again associated with tunnelling channels involving differ­
ent edge sta te  pairs. Also common with the results for the SLTD’s is the 
strong transition observed near B = 5T (v ~ 2 ), which can be explained 
as a transition between tunnelling channels involving the highest and 
next highest source edge states, due to the de-population of the high-
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est state near the integer filling factor in the source. Moreover there is 
strong evidence in the fan diagram for the presence of a third tunnelling 
channel near B = 5T for positive Vs d •
To gain further insight into the results, it is instructive to compare 
and contrast the properties of the electrostatic potential barriers of the 
quantum trench devices and the gated SLTD’s. Firstly there exists a 
difference of more than an order of magnitude in the height of the elec­
trostatic barrier between the two sets of devices (~  50meV for the quan­
tum  trench diodes compared with < 5meV for the SLTD’s) and a corre­
sponding difference in the barrier width. In view of this, and the smaller 
transmission coefficients expected for tunnelling through large barriers, 
it is not surprising tha t the resonant effects for these quantum trench 
devices are weaker than those observed for the SLTD’s. Calculations 
shown earlier indicate tha t the transmission coefficients are maximised 
for tunnelling channels with orbit centre coordinates near the geometric 
centre of the barrier; for these large barriers such a criterion will be even 
more important if resonant effects are to exist within the sensitivity of 
the measurement apparatus.
Secondly, based on the results for the gated diodes, it must be as­
sumed that the electrostatic barriers for the quantum trench devices 
are strongly inhomogeneous. Given the highly disordering nature of the 
reactive ion etching process, it is likely tha t an even denser range of 
fluctuations exist in the barrier potential for these devices. Clearly the 
dominant tunnelling process will occur at the lowest and thinnest part 
of the barrier.
To identify some of the tunnelling channels responsible for the res­
onances observed in the characteristics of devices X and Y, the model * 
electrostatic potentials shown in the inset of Fig.8.17 were used as a basis 
for a calculation of the fan diagram. The calculations were restricted to 
the low magnetic field regime (B  < 5T), where a single strong resonance 
was observed in the experiment for both devices and in both directions of














F ig u re  8 .20: Calculated fan diagram for device X, based on the numerical 
electrostatic potential shown in Fig.8.17. The four tunnelling channels used 
in the calculation are indicated.
Vsd  and involved tunnelling channels consisting of the N  =  0 edge sta te  
in the source and the N  =  0..3 edge states in the drain. The resulting 
fan diagram  is plotted in Fig.8.20 for device X for the four tunnelling 
channels. Note th a t for these large electrostatic potential barriers th a t 
the dispersions for the tunnelling channels are approxim ately parallel 
with increasing m agnetic field.
Since the model electrostatic potentials are believed to represent a 
fair approxim ation to the potential barriers of the experim ental devices, 
it is possible to make a direct comparison between the calculated and 
experim ental fan diagrams. The calculated results indicate th a t orbit 
centres for the S0D3 tunnelling channel lie consistently closest to the 
geometric centre of the barriers for these voltage and magnetic field 
ranges, and therefore the S0D3 branches of the calculated fan diagrams
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F ig u re  8 .21: Comparison of the experimental (upper panel) and calculated 
(lower panel) fan diagrams for device X  (filled symbols) and device Y  (empty 
symbols) for the low magnetic field regime. The calculated data is for the 
S0D3 tunnelling channel
are compared with the single branch observed for each device in the ex­
perim ental d a ta  in this magnetic field regime.
Fig.8.21 shows a plot of the S0D3 branches for both  model devices, 
together with the experim ental peak positions for devices X and Y in 
the B  < 5T magnetic field regime. The theory correctly predicts the 
monotonic increase in the resonant source-drain voltage with increasing 
m agnetic field in this range, and also the shift in the resonance position 
to higher Vsd  f°r the larger tunnelling barrier of device Y .  However, the 
agreem ent between the slopes of the experim ental and calculated d a ta  is 
clearly poor. A possible source for this discrepancy lies in the choice of 
barrier height for the numerical electrostatic potentials. It is probable 
th a t experim ental values for the barrier height obtained from therm al
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activation measurements are far less sensitive to fluctuations in the po­
tential than a measurement of tunnelling current. One reason for this is 
tha t the thermal activation result is itself modified by tunnelling through 
the upper parts of the barrier. Furthermore, from a simple considera­
tion of the transmission coefficients T($o)> the sensitivity of a thermal 
activation measurement to the barrier height $o is given approximately 
by,
9 T ( $ 0)
3$o
where T  is the temperature. For tunnelling,
0T($o) T ($ 0)d
n*o> (g) (Mu
d$o (8.18)
for a barrier width d and an electron energy E x. Clearly when the factor 
($0 — Ex) in the tunnelling transmission coefficient becomes small, as is 
the case for a finite source-drain voltage, then T($o) becomes extremely 
sensitive to $o and hence the overall transmission coefficient will be dom­
inated by fluctuations in the potential barrier. For thermal activation 
however, the sensitivity remains roughly constant and depends only on 
the temperature.
To achieve more quantitative agreement between the experimental 
and calculated data, future work will involve using the electrostatic bar­
rier height in the edge state calculations as a simple fitting parameter.
8.5.3 C onclusions
Lateral tunnelling in quantum trench diodes has been studied in a per­
pendicular magnetic field. Pronounced resonances were observed in the 
differential conductivity of the devices as a function of the source-drain 
voltage, at low temperature (1.5K). The results showed strong quali­
tative similarities with those for the gated tunnelling diodes, and are 
interpreted in terms of the model of tunnelling between magnetic edge
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states on each side of the barrier. The resonances for quantum trench 
diodes are weaker than those for the gated devices, which is attributed to 
the larger barriers and correspondingly smaller transmission coefficients. 
A model of the experimental data based on a numerical calculation of 
the electrostatic potential shows some qualitative agreement with the 
data, but the quantitative agreement is poor. This is attributed to the 
influence of fluctuations in the potential which dominate the tunnel cur­
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